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Abstract

The deployment of 5G networks will lead to an increase in capacity, spectral efficiency, low latency

and massive connectivity for wireless networks. They will still face the challenges of resource and

power optimization, increasing spectrum efficiency and energy optimization, among others.

Furthermore, the standardized technologies to mitigate against the challenges need to be developed

and are a challenge themselves. In the current predecessor LTE-A networks, orthogonal frequency

multiple access (OFDMA) scheme is used as the baseline multiple access scheme. It allows users to

be served orthogonally in either time or frequency to alleviate narrowband interference and impulse

noise. Further spectrum limitations of orthogonal multiple access (OMA) schemes have resulted in

the development of non-orthogonal multiple access (NOMA) schemes to enable 5G networks to

achieve high spectral efficiency and high data rates. NOMA schemes unorthogonally co-multiplex

different users on the same resource elements (RE) (i.e. time-frequency domain, OFDMA subcarrier,

or spreading code) via power domain (PD) or code domain (CD) at the transmitter and successfully

separating them at the receiver by applying multi-user detection (MUD) algorithms. The current

developed NOMA schemes, refered to as generalized-NOMA (G-NOMA) technologies includes;

Interleaver Division Multiple Access (IDMA, Sparse code multiple access (SCMA), Low-density

spreading multiple access (LDSMA), Multi-user shared access (MUSA) scheme and the Pattern

Division Multiple Access (PDMA). These protocols are currently still under refinement, their

performance and applicability has not been thoroughly investigated. The first part of this work

undertakes a thorough investigation and analysis of the performance of the existing G-NOMA

schemes and their applicability.

Generally, G-NOMA schemes perceives overloading by non-orthogonal spectrum resource

allocation, which enables massive connectivity of users and devices, and offers improved system

spectral efficiency. Like any other technologies, the G-NOMA schemes need to be improved to

further harvest their benefits on 5G networks leading to the requirement of Hybrid G-NOMA

(G-NOMA) schemes. The second part of this work develops a HG-NOMA scheme to alleviate the

xv
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Abstract

5G challenges of resource allocation, inter and cross-tier interference management and energy

efficiency. This work develops and investigates the performance of an Energy Efficient HG-NOMA

resource allocation scheme for a two-tier heterogeneous network that alleviates the cross-tier

interference and improves the system throughput via spectrum resource optimization. By considering

the combinatorial problem of resource pattern assignment and power allocation, the HG-NOMA

scheme will enable a new transmission policy that allows more than two macro-user equipment’s

(MUEs) and femto-user equipment’s (FUEs) to be co-multiplexed on the same time-frequency RE

increasing the spectral efficiency. The performance of the developed model is shown to be superior to

the PD-NOMA and OFDMA schemes.
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"We cannot seek achievement for ourselves and forget about progress and prosperity of our

community. Our ambitions must be broad enough to include the aspirations and needs of others, for

their sakes and for our own"

— Cesar Chavez

Samson Manyani Zitha

University of KwaZulu-Natal, March 5, 2019
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Introduction and Background

Wireless communication access technologies have evolved through different paths targeting

improved performance, high efficiency, and full guaranteed QoS in a mobile communication

environment. The first generation (1G) network fulfilled the fundamental basics of mobile voice,

while the second generation (2G) networks introduced the concept of network capacity and extended

coverage. The third generation (3G) system, offered high speed internet access for multimedia

applications, presenting a step change from the 2G networks. The fourth generation (4G) networks is

a pure data wireless connection network, providing access to a wide range of end-to-end internet

protocol (IP) communication services, which includes advanced services such as mobility, flexibility,

reliability, and affordability. The fifth generation (5G) networks is highly anticipated to offer

low-latency, high throughput and massive connectivity of billions of devices around the world. For its

realization the 5G faces the challenges of proliferation of data traffic, high energy consumption,

increasing spectral resource efficiency, and power optimization. Therefore, this work focuses on

multiple access schemes and energy-efficiency spectrum resource optimization algorithms to

alleviate the challenges of 5G heterogeneous networks (HetNets). This chapter highlights the

evolution of mobile communications networks, 5G networks background, challenges, research

motivation, and the main contributions of this research.

1 Evolution of Mobile Communication Networks

The evolution of mobile networks from the 1G system until today and the forecasts for the next

decade clearly indicates a growth of both the network itself (in terms of installed equipment) and

carried traffic (in terms of transmitted bits) [1]. Today major network operators still count on their 2G

global system for mobile (GSM) communication network, for revenues generated from voice traffic.

They offer broadband and more advanced services based on the 3G universal mobile

telecommunications system (UMTS) network. Recently, they began to deploy the 4G long-term

evolution (LTE) technology, promising faster broadband connections to their customers. At the same

2
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1. EVOLUTION OF MOBILE COMMUNICATION NETWORKS

time, the telecommunications’ industry started to think about new scenarios and new features for

what the next generation of mobile networks for the year 2020 and beyond will be like, i.e., 5G

network technology [1], [2]. A telecommunication network constitutes a major sector of information

communication and technology (ICT) and has undergone enormous growth. Capacity issues and the

delivery of complex real-time services are some drivers of the evolution of telecommunication [3].

During the 1980s, the 1G mobile telecommunication systems were deployed for commercial use.

They became the first analog cellular system, or advanced mobile phone system (AMPS), to be

deployed in North America. With the increasing demand for capacity and high quality of

communications, the development of digital cellular technology thereafter became significant in

transforming human lives. The 2G mobile networks were commercially launched in Finland by

Radiolinja in 1991 to improve the 1G networks. The 2G networks used the GSM standard [4], to

enhance spectral-efficiency and offered improved mobile data services than the AMPS. The

introduction of the general packet radio service (GPRS) became the first major step to revolutionize

the GSM networks towards the development of 3G UMTS network. In the early 1980s, the 3G

networks were developed by the international telecommunication union (ITU). Compared to the 2G

networks, the 3G offered higher data rates and greater security. Furthermore, using bandwidth and

location information of 3G devices, the global positioning system (GPS), location-based services,

mobile Internet access, video calls, and mobile TV were developed into applications. A new

generation of cellular standards has appeared approximately every ten years since the 1G were

introduced. In March 2008, the standard requirements for the 4G networks were specified by the

international telecommunications union-radio communications sector (ITU-R) [5]. A significant step

forward from 3G to 4G was that, the 4G supports all-internet protocol (IP) based communication,

such as IP telephony, instead of traditional circuit-switched telephony service. The spread spectrum

radio technology used in the 3G was abandoned in 4G networks. The main technologies in 4G

systems, were orthogonal frequency division multiple access (OFDMA) multi-carrier transmission

and frequency domain equalization (FDE) schemes. From the beginning of mobile digital cellular

communications, orthogonal multiple access (OMA) has been the only means to separate users. In

the 1G system the frequency division multiple access (FDMA) was used to partition the available

spectrum into non-overlapping frequency sub-bands, with each accommodating one digital data

stream. On the other hand, in 2G networks, a round-robin digital data stream fashion termed time

division multiple access (TDMA), was used to partition users into time slots. Moreover, the

improvements from GSM led to the introduction of the 3G, which applied the code domain multiple

Access (CDMA) scheme. The basic idea behind CDMA is utilizing a pseudo-random digital spread

spectrum technique, to enable the full use of the available spectrum. Based on the orthogonal
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frequency division multiplexing (OFDM) waveform, a multi-carrier orthogonal frequency division

multiple access (OFDMA) was implemented for the 4G. This enabled tight constraint of orthogonal

frequency-domain packing, with subcarrier spacing inverse to the symbol duration [6]. In light of

this, the potential benefits of the OMA schemes includes simplified transceiver design and intra-cell

or co-channel interference avoidance. However, the constraints are too obvious. i.e., the number of

users that can be served simultaneously, is limited by the pool of radio resource restrictions.

Furthermore, user scheduling requires dedicated feedback channels, at the expense of signaling

overhead to ensure orthogonality. Thus, these problems needs to addressed further in the upcoming

generations.

The trend analysis from analog phone calls across all IP services, including voice, video, and

messaging, has been motivated by the need to meet the demands of new mobile network

technologies. Needless to say that, mobile networks are currently facing a new challenge of birthing

a hyper-connected society through the 5G services. The 5G technology is expected to roll out by

2020 to meet the overwhelming QoS of data rates and spectral-efficiency. Hence, various

technologies have been proposed in recent years, and these include: massive multiple-input multiple

output (MIMO) [7], millimeter wave communications (mmWave) [8], LTE in unlicensed spectrum

(LTE-U) [9], and cloud radio access networks [10]. Subsequently, from the future radio access

technology viewpoint, a step change in data-speed, spectral efficiency, massive connectivity of users

access, and a significant reduction in end-to-end latency are major requirements for 5G networks.

Since the evolution of the mobile-Internet and the Internet of Things (IoT) exponentially accelerating

the demand for higher data-rate applications, the 5G network-level data-rates are expected be 10-20

GigaBytes per second (Gbps) (which is, 10-20 times the peak data-rate in 4G networks), and

user-experienced data-rates expected to be 1 Gbps (100 times the user-experienced data rate in 4G).

They will have a latency (end-to-end round-trip delay) of 1 millisecond (one-fifth of the latency in

4G) [11]. A summary of the mobile networks standards, is given in Table 1. This work focuses on the

development of access standards for the 5G.

2 Fifth Generation (5G) Networks

2.1 LTE or LTE-A Networks

The 4G long-term evolution (LTE) mobile communication network was commercially launched on

December 2009 by Telia Sonera from Norway and Sweden [13]. The LTE or system architecture

4
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Table 1: Evolution of wireless networks [12]

Generations Access Technology Data Rate
Frequency

Band
Bandwidth

Forward

Error

Correction

Switching Application

1G

Advanced Mobile Phone Service (AMPS)

Frequency Division Multiple Access

(FDMA)

2.4 kbps 800 MHz 30 KHz NA Circuit Voice

2G

Global System for mobile communications

(GSM)(Time Division Multiple Access

(TDMA))

10 kbps

850/900/180

0/1900 MHz

200 KHz

NA

Circuit
Voice

DataCode Division Multiple Access (CDMA) 10 kbps 1.25 MHz

2.5G
General Packet Radio Service (GPRS) 50 kbps 200 KHz Circuit/

PacketEnhanced Data Rate for GSM Evolution

(EDGE)
200 kbps 200 KHz

3G

Wideband Code Division Multiple Access

(WCDMA)/ Universal Mobile

Telecommunications Systems (UMTS)

384 kbps
800/850/900

/1800/1900/

2100 MHz

5 MHz

Turbo Codes

Circuit/

Packet
Voice +

Data+

Video

Calling

Code Division Multiple Access (CDMA) 2000 384 kbps 1.25 MHz
Circuit/

Packet

3.5G

High Speed Uplink/ Downlink Packet Access

(HSUPA/HSDPA)
5-30 Mbps 5 MHz Packet

Evolution-Data Optimized (EVDO) 5-30 Mbps 1.25 MHz Packet

3.75G

Long Term Evolution (LTE) (Orthogonal /

Single Carrier Frequency Division Multiple

Access) (OFDMA / SC-FDMA)

100-200

Mbps

1.8 GHz,

2.6 GHz

1.4 MHz to

20 MHz
Concatenated

codes
Packet

Online

gaming +

High

Definition

Television

Worldwide Interoperability for

Microwaves Access (WIMAX)

(Scalable Orthogonal

Frequency

Division Multiple

Access (SOFDMA)

Fixed

WiMAX

100-200

Mbps

3.5 GHz and

5.8 GHz

initially

3.5 MHz

and 7 MHz

in 3.5 GHz

band;

10 MHz in

5.8 GHz

band

4G

Long Term Evolution (LTE) (Orthogonal /

Single Carrier Frequency Division Multiple

Access) (OFDMA / SC-FDMA)

DL 3Gbps

UL 1.5Gbps

1.8GHz

2.6GHz

1.4MHz to

20 MHz Turbo Codes Packet
Online

aming +

High

Definition

Television

Worldwide Interoperability for

Microwaves Access (WIMAX)(Scalable

Orthogonal Frequency

Division Multiple

Access (SOFDMA)

Mobile

WiMAX

100-200

Mbps

2.3GHz,

2.5GHz, and

3.5GHz

initially

3.5MHz,

7MHz,

5MHz,

10MHz

and

8.75MHZ

initially

5G

Beam Division Multiple Access (BDMA) and

Non- and quasi-orthogonal or Filter Bank multi

Carrier (FBMC) multiple access

10-50 Gbps

(expected)

1.8, 2.6 GHz

and expected

30-300 GHz

60 GHz

Low Density

Parity Check

codes

(LDPC)

Packet

Ultra High

Definition

video +

Virtual

Reality

application

5
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evolution (LTE/SAE) was specified by the third generation partnership project (3GPP) as an

improved standard of UMTS [14]. More specifically, the LTE networks were designed as

packet-based with fewer network elements attribute, such as improving system capacity and

coverage, offering low end-to-end latency compared with the previous networks, while providing

QoS in terms of HetNets deployment, flexible bandwidth operation and seamless integration with

other existing wireless communication systems [15]. Particularly, the current mobile system’s

worldwide provides broadband wireless service through LTE and WiMAX telecommunication

technologies. Both LTE and WiMAX use frequency division duplex (FDD) and Time division duplex

(TDD) to realize multiplexing. To keep up with the proliferation of data traffic, the currently

deployed LTE architecture infrastructures should be able to handle the limitations of extension to

higher data-rates, which is difficult to achieve using OMA techniques. This is because of excessive

interference between users, spectrum scarcity, and the difficulties of providing a wide range of

multi-rate requirements [16]. Furthermore, the challenges of deploying small-cell networks related to

LTE-Advanced networks standardization add more complications [17]. The security aspects of the

LTE and LTE-A networks where investigated in [15]. The authors [18] investigated the issues of

standardization, protocols, and convergence of 4G technologies. Even though LTE/LTE-A is

continuously updated through new releases, and with LTE Advanced Pro Release 13 being the latest

one, the development of the 5G wireless networks has commenced.

2.2 5G Networks

5G networks have been necessitated by the numerous challenges facing 4G networks, which includes

the need for higher data-rate, improved capacity, lower cost devices, low end-to-end latency, and

massive user access connectivity [19]. The 5G network is expected to be standardized in 2018 and

deployed in 2020 [20]. Furthermore, the limitations of OFDMA has led to the development of the

non-orthogonal multiple access (NOMA) technology, which has recently been put forward for

consideration by the 3GPP LTE-A. NOMA introduces a new multiplexing domain by considering the

combinatorial classic time/frequency/code domains. By doing so, significant bandwidth efficiency

enhancement can be achieved over the traditional OMA techniques [21]. This subsection provides an

overview of the 5G architecture technology and its features i.e, macro and small cells networks and

multiple access technologies.

6
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2.2.1 5G Network Architecture

Through persistent effort and determination, networks operators are implementing a digital

transformation to create a better digital world. With the rapid increase in wireless data traffic, the

challenges of increasing network capacity and improving energy-efficiency, cost, and spectrum

utilization, as well as providing better scalability for handling the increasing number of the connected

devices arise [12]. To meet these demands of the user and network operators, and to overcome the

challenges put forward for the 5G system, a radical change in the strategy of designing the 5G

wireless cellular architecture is more than required. Regarding recent progress for the 5G networks,

the requirements are to be decided by the ITU-R. On the other hand, the working party (WP) 5D

group is currently preparing evaluation criteria and submissions of proposals and analysis of

candidate 5G technologies. Hence, by late 2019 the first certified 5G standards requirements, are

expected to be concluded. Furthermore, the ITU-T has recently completed a study based on the

system-wide view of 5G architectures and proofs-of-concept into networking towards innovations to

the development of the 5G systems through a focus group on IMT-2020-ITU. However, the usage

trend patterns of the 5G (IMT 2020) are not limited to mobile broadband. In fact, the IMT-2020 is

envisioned to support a diverse heterogeneity of usage scenarios/use cases into three categories [22].

1. Enhanced mobile broadband (eMBB): eMBB is one of three primary 5G New Radio (NR) use

cases defined by the 3GPP, in order to provide provision for the requirements of 5G eMBB,

significant improvements in bandwidth, wide-area coverage, spectral-efficiency and signaling

efficiency are to be achieved compared to 4G [23]. Enabled by the key versatile radio

technologies, which includes, offloading, hyper-densification, increased bandwidth usage in

the mmWave spectrum and massive MIMO technologies will result in higher performance of

eMBB.

2. Ultra-reliable and low latency communications (URLLC): URLLC is a service category to

support stringent requirements for reliability, latency-sensitive, availability, remote control,

autonomous driving, disaster relief, and tactile Internet etc [24]. Even though the latency of 4G

LTE networks has been significantly enhanced from its 3G predecessor networks, the

end-to-end latency still remains in the range of 30–100 ms. Hence, the 5G networks are

expected to limit the end-to-end round-trip delay up to 1 millisecond which is one-fifth of the

latency in 4G [11].

3. Massive machine type communications (mMTC): mMTC are characterized by fully automatic

data generation, exchange, processing, and actuation among intelligent machines, without or

7
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with a low intervention of humans. However, the deployment mMTC will consist of a large

number of devices with a relatively low (or relatively high) volume of non-delay-sensitive data.

Hence, low-cost devices and very long power-constrained devices are required from now and

beyond. Furthermore, diverse mMTC services will exhibit different traffic patterns, thus,

making the problem of spectrum resource allocation very challenging.

Fig. 1: 5G Network Architecture [25]

The authors in [25] presented a two-layer 5G network architecture consisting of a radio access network

and a network cloud, which integrated many enabling technologies such as small-cells, massive MIMO

(mMIMO), software-defined networks (SDN), and network functions virtualization (NVF) to facilitate

optimal use of network resources for quality-of-experience (QoE) provisioning and planning. This

architecture is shown in Fig 1. In their work, an initial proof of concept was presented in order to

demonstrate the technical feasibility of the proposed architecture. The crucial issues that needed to

be addressed and resolved to realize a complete 5G architecture vision were thoroughly discussed. In

addition, [26] proposed an all-SDN network architecture with hierarchical network control capabilities

as a simplified and unified approach to mobility and routing management for 5G networks. Beyond

this, the novel architecture supports connectivity management as a service, which may be offered to

provide QoS differentiation with a range of options to protect flows against subscriber mobility at

different price levels without the utilization of tunneling protocols. Performance results showed that

8



i
i

“output” — 2019/3/5 — 6:44 — page 9 — #28 i
i

i
i

i
i

2. FIFTH GENERATION (5G) NETWORKS

the proposed architecture is a viable solution for mobile Device-to-device (D2D) communications

with end-to-end latency below 5 ms. The efficiency issues of the current 3GPP centralized approach

to mobility management using core anchoring were discussed in [27]. They presented and discussed

multiple dimensions of distributing the mobility functions, and suggested how the mobile terminal

can utilize them (terminal based solution) in orchestration for efficient communication over a 5G flat

mobile network. [28] argued that there is a need to integrate functionality in D2D and infrastructure-

to-device (I2D) modes, and proposed a multi-modal proportional fairness algorithm to achieve this

goal. Furthermore, they evaluated the impact of D2D in a two-tier HetNets scenario, where macrocell

and microcell network coverage are combined. Simulation results showed that, although I2D retains

a clear edge for general-purpose downloading, D2D is a viable solution for localized transfers as well

as viral content, but apparently cannot entirely be replace the deployment of small-cells. It is useful

to complement them and mitigate the effects of a reduced infrastructure deployment together with

enabling new services based on proximity in a scalable way [29].

2.2.2 Macro and Small-Cells Networks

The densification of cellular networks, based on a large scale deployment of small-cells presents a

promising solution that meets the requirements of the 5G wireless systems, in terms of network

capacity and throughput. Considering the 5G IoT scenario, the existing licensed spectrum assigned

to, by networks carrier’s, act as the solution to the limited spectrum shared by frequency reuse and

spatial diversity, through the deployed small-cells, [30]. This densification via small-cells with

different sizes in addition to macro base stations constitute HetNets with high level of performance

and service quality [31]. The advantages of this approach over macrocell enhancements includes the

fact that the cost of deployment of small cells in HetNets is much lower than that of macrocells.

Unlike a macrocell, where a significant portion of the recurring cost comes from fiber to each cell

site, power usage, and real estate, there is no big operating cost in user deployed small-cell networks.

Again, HetNets are energy-efficient as they can be utilized intelligently and opportunistically.

Depending on the traffic demand, small-cells can be in a dormant state, to alleviates energy

consumption and interference management. Lastly, hyper-dense HetNets can realize the always

best-connected principle by seamless handover and smart offloading. Proximity-based over-air

congestion control and fast inter-cell load balancing in HetNets improves the overall spatial reuse, as

many small-cells are deployed indoors, offloading is not only for indoor user traffic, but also the

outdoor traffic to indoor small cells providing a huge gain [32, 33]. The characteristics of small-cells

in terms of size, number of users, power and range is shown in Table 2.
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Table 2: Comparison of small-cells [33]

Licensed Small-Cells

Femto Pico Micro/Metro Macro

Indoor/Outdoor Indoor Indoor or Outdoor Outdoor Outdoor

Number of users 4 to 16 32 to 100 200 200 to 1000+

Maximum output power 20 to 100mW 250mW 2 to 10W 40 to 100W

Maximum cell radius 10 to 50m 200m 2 km 10 to 40 km

Bandwidth 10 MHz 20 MHz 20,40 MHz 60 to 75 MHz

Technology 3G/4G/Wi-Fi 3G/4G/Wi-Fi 3G/4G/Wi-Fi 3G/4G

MIMO 2 × 2 2 × 2 4 × 4 4 × 4

Backhaul DSL,coble,fiber Microwave, mm Fiber, microwave Fiber, microwave

2.2.2.1 Macrocell-Networks - From the deployment of the first conventional cellular network

architecture, macrocell or microsite have been used to provide radio-access coverage (in kilometers)

served by a high macrocell base station (MBS) power cell site incorporated with antennas, towers, or

mast. Particularly, macrocells provide larger coverage than the entire existing small-cells category

i.e., microcell, picocells, femtocells. Macrocells exhibits the characteristic of ground-based masts

antennas mounted, rooftops and other existing structures, with a reasonable height that provides a

clear view over the surrounding buildings and terrain. In addition, MBS’s are associated with a high

power output of typically 10 of watts. Hence, the performance of macrocell can be improved by

increasing the efficiency of the transceiver.

2.2.2.2 Microcell-Networks - The micro-cellular concept and its implications for cellular

telecommunications in urban areas have been widely understood for their capability to support

low-cost devices and improve the coverage areas, of the 2G GSM networks [34]. As depicted in

Table 2, they are good for outdoor deployment, with the capability to accommodate up to 200

end-users over a cell radius of 2 km [33]. Incorporated within macrocell coverage network, the

benefits of higher spectral-efficiency and higher data-rate are achieved [34].

2.2.2.3 Picocell-Networks - Picocell’s networks classified as regular eNBs, long existed since the

1990s [35], and are uniquely identified with the characteristics of lower transmit power than the

traditional macrocells. They are, typically, perfect when shorter transmission distance coupled with

low power are considered, to enhance both the achievable capacity and

10
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signal-to-interference-noise-ratio (SINR) within the cell [36]. Moreover, they are equipped with

full-duplexed-directional antennas, i.e., not partitioned. Picocells are deployed indoors or outdoors in

order to provide cellular coverage within residential and wireless coverage of urban areas. They have

the capability to transmit maximum power between 250 mW and approximately 2 W for outdoor

deployments, while utilizing 100 mW or less for indoor end-users deployments [33].

2.2.2.4 Femtocell-Networks - Femtocells are categorized as the smallest small-cells of the digital

communication networks; hence, they include the characteristics of low power, short range, small

size, and low cost. They are specifically deployed by consumers, to act as home base stations (BS)

overlaid in the macrocell networks to provide enhanced coverage for indoor users and improve the

capacity of the whole system [37], [33]. The connection of femtocell is established through the

broadband communications links such as fiber optic or digital subscriber line (DSL) links [38]. From

the end-user side and network operator side, the technology has brought many benefits. Although,

end-users are placed as the prime entities to benefit from deploying femtocells, as they enjoy better

throughput, signal quality, and affordable power saving. Network operators also yield great benefits

i.e., improved network capacity and spectral-efficiency [39]. Femtocells enables reduced transmit

power while maintaining good indoor coverage. Penetration losses insulate the femtocell from the

surrounding femtocell transmissions. To summarize [38], the capacity benefits of femtocells are

attributed to:

− Reduced distance between the femtocell and the user, which leads to higher received signal

strength.

− Low transmit power, and interference mitigation from neighboring MUEs and FUEs, due to

outdoor propagation and penetration losses.

− Femtocells accommodate around one to 16 users. They devote a larger portion of their resources

(transmit power and bandwidth) to each subscriber. A macrocell, on the other hand, has a larger

coverage area (10 - 40km radius) and a larger number of users, which makes it difficult to

provide QoS to all users.

Femtocells are classified according to the type of access control they have towards the system modeled

[30], and include;

− A closed subscriber group (CSG) is a type of access which is limited by the number of users

connected to the femtocell coverage network area. Considering a femtocell configured in a

CSG mode, femtocells resource access will only be permitted to those users within the

11
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femtocell access control list. This type of femtocell access control strategy is usually

applicable in residential deployment scenarios.

− On the other hand, a femtocell configured in an open access group (OSG), allows access to

any user in the femtocell. However, in public places such as airports and shopping malls, open

access mode of femtocells can also be used where any user can access the femtocell and benefit

from its services. This access mode is usually used to improve indoor coverage.

− In hybrid access mode, non-registered and registered end-users can access the femtocell, but

preference would be given to those users subscribed to the femtocell. Thus, limiting the

backhaul connection and femtocell load access. Hybrid access mode is preferable for small

business or enterprise deployment scenarios.

The co-existence of femtocells networks comes with potential challenges including technical,

business, and regulatory issues that need to be addressed further. One of the major challenges is

interference management i.e., between neighboring femtocell equipment, and between femtocell and

macrocell equipment. In general, two types of interferences that occur in a two-tier HetNets

architecture includes cross-tier and co-tier interference, which is well discussed in the sections to

follow. Severe interference may lead to “Deadzones,” i.e., areas where the QoS degrades

significantly [40]. Hence, deadzones are created due to the asymmetric level of transmission power

within the network and the distance between the macrocell user and MBS. Thus, it is essential to

adopt effective and robust interference management schemes to mitigate co-tier interference and

reduce the cross-tier interference considerably in order to enhance the throughput and

spectral-efficiency of the overall network. Other challenges in femtocell deployments include

handoff and mobility management, timing and synchronization, auto-configuration, and

security [40, 41]. An effective and efficient mobility management and handover schemes

(macrocell-to-femtocell, femtocell-to-macrocell, and femtocell-to-femtocell) are necessary for mass

deployment of femtocells in UMTS and LTE networks. The scheme should have low complexity and

signaling cost, deal with different access modes and perform proper resource management

beforehand for efficient handover. Timing and synchronization are other major challenges for

femtocells since synchronization over IP backhaul is difficult, and inconsistent delays may occur due

to varying traffic congestion. Since the femtocells are required to operate on a “plug-and-play” basis,

it is important that femtocells can organize and configure autonomously and access the radio network

intelligently so that they only cause minimal impact on the existing macrocell network. Since

femtocells could be vulnerable to malicious attacks (e.g., masquerading, eavesdropping,

man-in-the-middle attack etc.), enhanced authentication and key agreement mechanisms are required

12
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to secure femtocell networks [40, 42, 43]. This work focuses on mitigating the intra and cross-tier

challenges of the femtocells, to maximum the overall system energy-efficiency.

2.3 5G Multiple Access Schemes

5G wireless networks face various challenges in order to support large-scale heterogeneous traffic and

users, therefore new modulation and multiple access (MA) schemes are being developed to meet the

changing demands [44]. An overview of the most currently developed modulation and multiple access

schemes for 5G networks is comprehensively detailed in this subsection. MA schemes were always

regarded as the landmark of each mobile communication generation from 1G to 4G i.e., FDMA for

1G, TDMA for 2G, CDMA for 3G, OFDMA and single-carrier FDMA (SC-FDMA) for 4G. These

are categorized as OMA schemes as shown in Fig 2, in which users are separated via orthogonal

resources using frequency, time or code domain resources, making it possible to build a system with

a low complexity linear receiver [45], [46]. With the proliferation of data over wireless channels

not seen in the previous generations, NOMA schemes present a promising technology towards the

emerging 5G networks. Hence, NOMA is is the focus of this work, and will be explored in details.

Fig. 2: Wireless communication Multiple Access schemes [6]
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2.3.1 Non-Orthogonal Multiple Access (NOMA)

From the evolution of mobile communication networks, radio access technologies have been the

underlying physical link for cellular networks, which are implemented in the radio access networks

(RANs). Basically, RAN operates using multiple access channels to provide transmission between

mobile-terminal connections to the core networks. Particularly, multiple access techniques

development is one of the foremost aspects of improving system spectral-efficiency and

capacity [47]. Multiple access techniques can broadly be categorized into two different approaches,

namely, OMA and NOMA. In the conventional OMA, different users can only be served

orthogonally in either time or frequency to alleviate inter-user interference [48]. The number of

available simultaneously accessing users is strictly proportional to the number of orthogonal

resources, which is limited. NOMA was first introduced in [49], as a promising multiple access

scheme for future radio access (FRA) towards the 2020s and beyond. It is an efficient way to share

radio resources and can root back to the network information theory [50]. Massive connectivity of

users access is realized in NOMA by multiplexing multiple users over the same time-frequency

channel within the same cell, while offering a number of advantages i.e, low transmission latency,

improved spectral efficiency (SE), relaxed channel feedback, and higher cell-edge throughput.

Multiuser detection (MUD) algorithms, such as successive interference cancellation (SIC) are

employed to detect the desired signals at the receiver sides [11]. Generally, NOMA is categorized

into cooperative and non-cooperative schemes where non-cooperative schemes include

power-domain and code-domain NOMA schemes [51].

− NOMA Transmission - Thanks to Cover in 1972 [52], who proposed the concept of

superposition Coding (SC), which is the underlying building blocks of multiple coding

schemes motivated for achieving the capacity of the scalar Gaussian BC [53]. More

particularly, Bergman’s article paper published in 1973 [54] and Gallaghers’ [55] showed

theoretically that using the SC, capacities approaching both the Gaussian broadcast channel

and general broadcast channel can be achieved. The objective of superposition coding is to

communicate two message simultaneously by encoding them into a single signal in two layers,

as shown in Fig 3 [56]. The design technique for SC using a finite library of finite-block length

point-to-point codes was proposed in [57] for finite constellations. Hence, SC was used as the

optimal scheme with SIC at the receivers [58]. In addition, [59] and [60], further proved that

based on information theory SC incorporated with non-orthogonal multiplexing at the

transmitter and SIC at the receiver, the capacity region of the downlink broadcast channels not

only outperforms classic orthogonal multiplexing but is also optimal. Inspired by the
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fundamentals of information theory, researchers were motivated to investigate SC with diverse

channels, such as Raleigh channels, interference channels, and multiple access channels.

Despite the fact that, the aforementioned contributions have played a vital role, with the use of

SC from a theoretical perspective, further research improvements have been made to evolve the

concept of SC technique from theory to practice [57, 61].

Fig. 3: Uplink superposition Coding with SIC.

− NOMA Receiver - To decouple the superimposed signals at the receiver, SIC technique was

proposed in [52] as an efficient interference management scheme to improve network capacity,

as shown in Fig 3. Particularly, the fundamental idea behind SIC is successively decoding user

signals according to their signal strength. The procedure for performing SIC procedure is as

follows; After one user with the strongest signal power is decoded, it is then subtracted from

the coupled signal before the succeeding user’s signal is decoded [11]. NOMA implements SIC

MUD as the baseline receiver for robust multiple access schemes, considering the evolution of

device processing capabilities, SIC in the receiver has a physical layer capability that allows a

receiver to decode signals that are detected simultaneously. Furthermore, the challenges of the

conventional SIC were discussed in [62], and a new secure SIC scheme was proposed using

MAC address and IMEI, which are dedicated to the smartphone as private keys. Considering

an uplink transmission scenario, where a single-cell BS receives superposed coded information

of two user equipment’s UEs, equipped with single antennas at both transmitter and receiver.

Assuming, an overall system transmission bandwidth B of 1Hz, and users defined as UE1 and

UE2 which transmits the signals
{
x1
}

and
{
x2
}

multiplexed to
{
xi
}2
i=1

, with E
[
xi
]2, and
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the transmission power denoted as
{
Pi

}2
i=1

. The sum of Pi is limited to Pmax denoted as the

transmit maximum power QoS. Then, the superposed received signal at BS is denoted as

y = h1
√
P1x1 + h2

√
P2x2 + z, (1)

where h1 and h2 are the complex channel gain from the corresponding UEi to the BS. Without

the loss generality, we assume that |h1| > |h2|, and both are perfectly known, z denotes the

AWGN characteristics , with the power density given by σ2z . The superimposed signals of

the UEi are successfully decoded at the receiver, with the aid of SIC. The optimal order for

decoding the UEi is to decode the UE1 with the higher channel gains followed by the UE2

which has less channel gains. Additionally, the channel gains are normalized by the spectral

noise power density and inter-cell interference characteristics, as follows |hi|2/N0,i. Based on

this order, assuming an error-free detection, the throughput of each UEi, denoted as Ri, is given

by

R1 = B log2

(
1 +

P1|h1|2

σ2z

)
, (2)

R2 = B log2

(
1 +

P2|h2|2

P1|h2|2 + σ2z

)
. (3)

From (3) and (4), it can be concluded that the power-allocation for each UE greatly impacts the

UEs throughput performance and thus the modulation and coding scheme (MCS) used for data

transmission of each UE1. Considering users that are distributed in a single cell cellular network

tier, with SIC at the receivers, The boundary of the capacity region is given by

Rk = B log2

(
1 +

Pk|hk|2
K∑
j 6=k

Pj |hk|2 + σ2z

)
,

(4)

for all possible splits P =
K∑
k=1

Pk of the total power at the base station. The optimal points

are achieved by superposition coding at the transmitter and SIC at each of the receivers. The

cancellation order at every receiver is always to decode the weaker users before decoding its

own data. Hence, the complexity increases with the increase in the number of the users.

The basic idea of NOMA is encouraged by spectrum sharing, through intra-cell multi-user

multiplexing scheme that utilizes code-domain or power domain. Thus, the key distinguishing

attribute of NOMA from OMA is supporting a high number of connected users than the number of
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orthogonal resource elements utilized, with the aid of non-orthogonal resource allocation. This may

be perceived by the sophisticated interference management cancellation schemes at the cost of

increased receiver complexity [59]. A comprehensive comparison of the G-NOMA technologies was

done in [59] and [63], where their key features, principles, advantages, and disadvantages as a major

solution to improve spectral-efficiency, system capacity and receiver complexity were provided.

Moreover, challenges and opportunities for future researchers in this field, regarding NOMA trend

design were also emphasized to provide insight on the potential future works. Finally, the concept of

software-defined multiple access (SoDeMA) was proposed, to allow various MA schemes including

both traditional OMA and current NOMA, to enables adaptive configuration to support diverse

services and applications for the future 5G networks. Regarding the issues of resource allocation,

investigations were also conducted for NOMA apart from performance analysis. In [64], a NOMA

resource allocation for uplink was proposed considering a single cell. The authors in [65] proposed a

solution to optimize the combinatorial problem of the receiver and radio resource allocation of uplink

NOMA. The proposed scheme was iterative in nature, multiuser detection and decoding (MUDD) to

improve the performance of the multiuser by utilizing the information derived from the channel

decoder was considered. In addition, a novel subcarrier and power allocation algorithm was proposed

that maximizes the users’ weighted sum-rate in [66]. In [67], a resource allocation scheme was

developed for a downlink multi-user system to facilitate dealing with a large number of users in a

typical NOMA system. Driven by the exponential increase of the energy cost, a resource allocation

scheme that jointly optimizes the power and bandwidth, in order to maximize the system

energy-efficiency was proposed in [68]. The scheme achieved better energy -efficiency performance

compared to the conventional OMA. The authors in [69] proposed a sub-optimal subchannel

assignment and power allocation to maximize the energy-efficiency for the downlink NOMA

network, which showed superiority in terms of sum rate and energy-efficiency when compared to the

conventional OMA scheme. However, NOMA techniques have been refined into G-NOMA schemes,

each dealing with different aspects.

2.3.2 Generalized NOMA technologies

The emerging 5G networks are expected to significantly increase the network data rates, throughput,

massive connectivity of user access and devices, improved spectrum efficiency, low latency, and high

EE, when compared with the currently deployed LTE or LTE-A networks. To meet such demands

for the 5G networks, innovative technologies on RAN and radio air-interface are more than desired

in physical layer designs. Recently the development of G-NOMA schemes has attracted increasing

17



i
i

“output” — 2019/3/5 — 6:44 — page 18 — #37 i
i

i
i

i
i

2. FIFTH GENERATION (5G) NETWORKS

research interests from both academic and industrial fields. Developed G-NOMA schemes include,

SCMA, MUSA, PDMA, and resource spread multiple access (RSMA) proposed by Huawei, ZTE,

DT mobile, Qualcomm, respectively. In this subsection, we provide a comprehensive overview of the

G-NOMA technologies for the 5G networks.

2.3.2.1 Cooperative NOMA Cooperative communications in wireless networks have gained a

great deal of attention due to its ability to offer spatial diversity to mitigate fading while resolving the

difficulties of mounting multiple antennas on small communications terminals [70]. The basic idea

underlying the concept of cooperative communications is deploying relay nodes to communicate

forwarding information from the source to the desired destinations. Therefore, cooperative

communications integrated with NOMA yields further improvements in system capacity and

transmission reliability. The authors in [71] investigated a cooperative NOMA scheme which

exploited prior information available in NOMA systems. The scheme relied on users with better

channel conditions to decode the messages for the others, to improve reception reliability for users

with poor channel conditions. Hence, cooperative communications for users with better channel

conditions than others can be employed by using short-range communications techniques, such as

ultra-wideband and Bluetooth [11].

2.3.2.2 Cognitive Radio Inspired NOMA To further enhance the issues of spectrum scarcity in

wireless communications, cognitive ratio (CR) networks, which provides the capability to enable

unlicensed users to utilize licensed spectrum resource in an opportunistic manner without causing

interference to the licensed users have been proposed as a solution. CR networks are envisioned as a

key enabling technology of dynamic spectrum access techniques to provide high bandwidth to

mobile users via heterogeneous wireless architectures [72, 73]. More particularly, the concept of

spectrum sensing technique which is the enabler for CR has been well investigated in [74, 75],

together with the trade-off between sensing overhead and CR throughput. CR network is regarded as

a special case for the NOMA technology perceived in location domain while the classic NOMA can

be realized in power, code, or multiple domains [76]. For example, considering an unlicensed user

that shares the same licensed spectrum, with a licensed user limited by the distance constraint, the

interference generated by the unlicensed user will be generally small while achieving improved

data-rates. The authors in [77], proposed a special case for CR networks, termed D2D

communications which gained popular research interest lately, regarded as a simple CR network for a

two user case. Furthermore, location domain enables CR to be exploited in spatial domain [78] and

the frequency-spatial domain [79]. The convergence to cognitive-radio-inspired NOMA (CRNOMA)
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was proposed in [80], which was totally different from the conventional scheme with fixed power

allocation. The closed-form expressions of the outage probability have been derived in [81] for

NOMA-based underlay CR networks. In addition, power allocation schemes for CR-NOMA and

NOMA-based CR networks have been developed in [82], to maximize the system sum-rate and EE.

2.3.2.3 Power-Domain NOMA Power-domain NOMA is regarded as the fundamental MA

scheme for the 5G networks [83]. More specifically, it has been regarded as multiuser superposition

transmission (MUST) for the downlink version of NOMA, which was proposed for the 3GPP-LTE-A

networks in [49]. In literature, it has been shown that NOMA can improve system capacity and user

experiences. Hence, recent work [84], investigating a downlink multiuser superposition transmission

for LTE networks has been accepted by 3GPP LTE Release 14, which aimed to identify the necessary

techniques to enable LTE to support the downlink intra-cell multiuser superposition transmission.

In [11], the basic principles of various power-domain NOMA related techniques, including power

allocation in NOMA, multiple antenna based NOMA, and cooperative NOMA were investigated.

Power-domain NOMA realizes multiplexing by allocating different power to multiple users within

the same time/frequency/code spectrum resource elements according to their channel conditions. It

should be noted that excellent performance can be achieved when a cell-center user and cell-edge

user are scheduled with moderate computational complexity when the SIC is applied in the receiver.

However, power-domain multi-user superposition poses additional challenges due to more interfering

neighboring users. Hence, properly transmit power control for NOMA users within the same cell

becomes critical.

2.3.2.4 Code-domain NOMA

− Sparse Code Multiple Access SCMA was proposed in [85], as non-orthogonal multiplexing

scheme, which applies the concept of sparse codebook similar to the low-density spreading

(LDS) signature matrix, as shown in Fig 4. Spectrum resource elements are utilized to realize

the massive connectivity of users through spreading codes [86]. SCMA utilizes the property of

multi-dimensional constellations to avoid incurring collisions, while reducing the sophisticated

receiver complexity, in order to enhance the massive connectivity of the IoT and

spectral-efficiency. Following the attribution of SCMA to the multi-dimension property, one

resource block can be projected into its subspace from the constellation referred as a codebook.

Due to the sparsity of the codewords matrix and the minimum distance of the

multi-dimensional constellation lattice, the message passing algorithm (MPA) detection is
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employed [85, 87].

Fig. 4: SCMA transceiver model [88].

Regardless of the sparse signature sequences, SCMA is associated with the challenges of high

detection and decoding complexity. Hence, the complexity is even higher when a large number

of users and constellation are employed. In addition, because the codebook size is limited,

collision is a serious problem in SCMA, which hinders its overloading capacity [87].

Therefore, based on the design principles of lattice constellations, the authors in [89] proposed

a systematic approach to design SCMA codebooks which followed the code design for

point-to-point communication over fast fading channel. Furthermore, codebook design based

on multi-dimensional SCMA (MD-SCMA) considering interleaving and constellation rotation

method was proposed for the downlink in [90], which was constructed by the subset of lattice

Z2. Lastly, an improved method based on the star-QAM signaling constellations was proposed

in [91] for designing the SCMA codebooks. With regard to receiver complexity reduction, the

authors in [92] and [93] proposed a low complexity decoding techniques taking advantage of

the SCMA codebook structure. In addition, the emphasis on iteration reduction, convergence

speedup, computation simplification, and implementation of SCMA decoder based on

deterministic message passing algorithm, where addressed in [94]. The author in [95] proposed

an SCMA-based uplink grant-free multiple-access system based on the receiver design

utilizing the concept of blind detection to enable massive connectivity of IoT. Moreover, the

authors [96] proposed a new approach for multiple access in the 5G networks called power

domain sparse code multiple access. In addition, a novel resource allocation problem for

PSMA-based HetNets with the aim of maximizing the sum rate with certain constraints was
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proposed. In [97] a unified framework to analyze the EE of SCMA scheme and a low

complexity decoding algorithm was proposed for prototyping.

− Multi-User shared access - MUSA is one of the possible non-orthogonal transmissions and

grant-free multiple access schemes for the 5G communication systems, which operates both in

power-domain and code-domain [87]. Data of each user is spread with a family of short length

complex spreading codes that are designed to support massive connectivity while minimizing

signaling overhead and power consumption between users that share the same resource block,

as depicted in Fig. 5. [51, 87, 98].

Fig. 5: MUSA transceiver model [45].

With characteristics of grant-free access and non-orthogonal transmission, each transmitting

user can autonomously choose its spreading code, therefore eliminating the need for resource

coordination by BS [98]. [63]. Blind detection is applied in MUSA, in which the minimum

mean square error successive interference cancellation (MMSE-SIC) is employed to mitigate

interference between users. The supremacy of MUSA is reflected by high overloading, robust

blind detection and the true sense of grant-free transmission. Moreover, the possibility of

collision due to same spreading sequences is significantly small since a large number of

spreading codes can be accommodated. Additionally, user detection is realized without the

knowledge of the spreading codes. However, one of the main challenges in MUSA is

performance loss due to error propagation caused by the implementation of SIC [87]. Thus, the

design of the complex spreading sequence is important to MUSA since it determines the

interference between different users and system performance. Moreover, the impact on the

complexity of SIC implementation also needs to be considered. The authors [99], studied the
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design of the non-binary spreading sequence to achieve low cross-correlation with very short

length.

2.3.2.5 Interleaved-Based NOMA The IDMA-framework was proposed by L.Ping at el

in [100, 101] as a NOMA scheme, to accommodate massive connectivity of user. The basic idea

behind IDMA is employing user-specific interleavers combined with low-rate channel coding in

separating users as shown in Fig 6. It is a wideband scheme that allows the use of multiuser detectors

with moderate complexity. IDMA inherits desirable feature characteristics with CDMA, especially

mitigation against fading to coordinate user interference from other cells [102]. These interleavers

can be selected randomly (or deterministically for practical convenience) and orthogonality is not

essential in IDMA. The main advantages of IDMA are its high user overloading and high spectral

efficiency. Hence, [103] outlines the attractive features of IDMA as follows:

− IDMA facilitates a low-cost iterative technique for multi-user detection (MUD).

− IDMA with proper power control achieves multi-user sum-rate close to the near-capacity.

− IDMA with decentralized power control can offer significantly higher throughput than

conventional ALOHA in random-access environments.

− IDMA together with data-aided channel estimation (DACE) can fully take advantage of massive

multiple-input multiple-output (MIMO) systems.

Fig. 6: IDMA transceiver model [45].

With all the benefits brought by IDMA, large decoding complexity and decoding latency, remains the

main challenges of IDMA, especially when a large number of users is supported. In addition,

interference among users is inevitable in IDMA, but can be suppressed by a low-cost iterative

multi-user detection (MUD) procedure also called chip-by-chip detection [104]. Again, the

additional pilots or long preamble needed to estimate the user’s channel also remains a
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challenge [87]. The challenges of transmission and detection principles of IDMA where investigated

in [105]. In [106], a power allocation based on linear programming methods problem for practically

coded interleave-division multiple-access (IDMA) systems with iterative multi-user detection (MUD)

over multiple access channels (MACs) was investigated. Furthermore, an optimized power allocation

technique based on an interior-point method (IPM) for practically coded CDMA or interleave-

division multiple-access (IDMA) systems over multiple access channels was proposed in [107], and

very low-cost iterative detection algorithm derived for the IDMA scheme based on a chip-by-chip

detection principle was proposed in [108]. The authors in [102] extended IDMA to MIMO multiuser

systems employing spatial multiplexing. An iterative receiver for MIMO-IDMA that incorporated an

efficient soft multiuser detector whose complexity is linear in the number of users was further

proposed.

2.3.2.6 NOMA Multiplexing in Multiple Domains PDMA, a novel-NOMA scheme based on

code patterns was proposed in [109]. Non-orthogonal patterns are used to realize multiplexing of

different users mapped on the same spectrum RE as shown in Fig. 7. PDMA can significantly

improve spectral-efficiency and massive connectivity of user’s access. The patterns are carefully

designed to cope with multiple domains i.e., code, power, and space domain, to gain SIC-amenable

characteristics. In light of this, a low-complexity SIC-based MPA MUD algorithm with reliable

performance is employed at the receiver side. PDMA sparse pattern matrix is similar to that of

SCMA, with the difference in the number of spectrum resource elements occupied by each

user [110], [111].

Fig. 7: Resource mapping of PDMA pattern for six users on four Resource [45].

The appropriate disparity in diversity and power control where investigated in [111], with aim of

effectively exploiting a low-complexity SIC-based detector to realize the near-perfect cancellation of

multi-user interference. Hence, link-level simulations illustrated that PDMA is capable of

accommodating a 300 percent overload, while it still enjoyed the transmission reliability close to
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conventional OMA schemes [111]. However, the main challenge of PDMA is its high complexity for

higher modulation order when joint detection is applied. Additionally, as a result of a limited number

of patterns, high probability of collision occurs when grant-free access is assumed. Channel

estimation is a big problem due to the requirements of additional pilots or preamble needed [87]. The

authors in [110] exploited the advantages of PDMA in a downlink wireless network which was fully

loaded. A power-domain PDMA using SIC to improve system throughput and enhance the spectrum

efficiency was further proposed. Furthermore, the investigation performance of the outage

probability, as well as the achievable sum data rate for uplink PDMA system, was carried out

in [112]. In particular, the closed-form expressions of outage probability for three users sharing on

two resource blocks with interference cancellation receiver was investigated. The analysis

transmission latency of grant based PDMA and grant free was investigated in [113]. Hence, a

detailed definition of GF-PDMA resource and analysis of the scalability to confront pattern collision

for GF-PDMA was proposed.

2.3.2.7 Hybrid Non-Orthogonal Multiplexing Domains Recently, related work has emerged to

investigate resource allocation problems for hybrid NOMA systems to optimize the system data rates

and spectral-efficiency. To further facilitate sum-rate optimization, a hybrid multiple access, which

combines the properties of NOMA and OFDMA was proposed in [67]. Simulation results confirmed

the superiority of the proposed hybrid multiple access scheme over conventional NOMA. The

authors in [114], proposed a hybrid MC-NOMA resource allocation model which incorporates

NOMA and OMA to fully exploit the potential advantages of the two kinds of multiple access

schemes. In the proposed algorithm, the resource allocation included the selection of multiple access

modes, user clustering, subcarrier assignment and power allocation. By performance analysis, it was

found that the hybrid MC-NOMA significantly outperformed the conventional MC-NOMA and

OMA in terms of user fairness and system efficiency. Furthermore, a hybrid transmission scheme

which consists of the NOMA and TDMA was proposed in [115]. However, the corresponding energy

minimization problem was too complex to deal with, compared to the traditional NOMA schemes.

Additional, the above contributions, only focused on sum-rate optimization. Therefore, this

motivated us to propose a new transmission scheme called HG-NOMA and the corresponding

energy-efficiency resource optimization problem. Hence, the proposed HG-NOMA scheme

combined the PD-NOMA and PDMA schemes into one unified framework for a two tier HetNets.
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2.3.3 Comparison of NOMA with OFDMA

We discuss the basic NOMA with SIC and analyze its performance gain compared to OFDMA. We

consider, a popular NOMA scheme that uses power domain to achieve multiplexing.

Fig. 8: Comparison of NOMA and OFDMA. [116]

Considering an uplink NOMA, with users UE1 and UE2, and transmits the modulated symbols x1 and

x2, with the transmission power P1 and P2, as shown in Fig. 8. The received signal at the BS is given

as

y = h1
√
P1x1 + h2

√
P2x2 + z, (5)

where h1 and h2 are the channel gain from UE1 and UE2 to the corresponding BS, z denotes the

AWGN noise characteristics, with the power spectral density given by σ2z . In NOMA, x1 and x2

are transmitted using the same time-frequency channel and interfere with each other. In the uplink,

the SIC is implemented at the BS receiver. With the SIC, the receiver decodes x1 and x2 in two

stages. In the first stage, the receiver decodes x2, treating x1 as Gaussian interference. Once the

receiver correctly decodes x2, it can subtract the x1 component from aggregate received signal y and

then decode x1. Since only the receiver Gaussian noise is remaining in the system, the maximum

throughput is achieved for UEi the same as its single-user bound. Thus, the throughput of user i, Ri,

is represented as

RNOMA
1 = B log2

(
1 +

P1|h1|2

σ2
z

)
, RNOMA

2 = B log2

(
1 +

P2|h2|2

P1|h2|2 + σ2
z

)
. (6)

If the decoding order is opposite, Ri becomes

RNOMA
1 = B log2

(
1 +

P1|h1|2

P2|h1|2 + σ2
z

)
, RNOMA

2 = B log2

(
1 +

P2|h2|2

σ2
z

)
. (7)
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Note that in both (6) and (7), regardless of the decoding order in the SIC, the total throughput, R1+R2,

is the same, and is given by

RNOMA = B log2

(
1 +

P1|h1|2

σ2
z

)
+B log2

(
1 +

P2|h2|2

P1|h2|2 + σ2
z

)
. (8)

This is indeed the maximum total achievable throughput in this uplink multiple access channel. On the

other hand, for uplink OFDMA, the total bandwidth B is equally occupied by UE1 and UE2 (assume

that each user has half bandwidth). Therefore, the data-rates of UE1 and UE2 in OFDMA, can be

respectively represented as

ROFDMA
1 =

1

2
B log2

(
1 +

P1|h1|2

σ2
z

)
, ROFDMA

2 =
1

2
B log2

(
1 +

P2|h2|2

σ2
z

)
. (9)

Thus, the sum rate can be written as

ROFDMA =
1

2
B log2

(
1 +

P1|h1|2

σ2
z

)
+

1

2
B log2

(
1 +

P2|h2|2

σ2
z

)
. (10)

Case study : Consider a two UE case with a cell-interior UE1 and a cell-edge UE2, where |h1|2 < |h2|2.

We set to P1|h1|2/σ2
z = 20dB and P2|h2|2/σ2

z = 0dB, respectively, in OFDMA, and assume that the

total bandwidth B is occupied by the two users (assume that each user has half bandwidth i.e α = 0.5)

assuming proportional fairness (PF) criteria. On the other hand, for the NOMA systems, the bandwidth

of the subchannel is B and the power proportional factors for UE1 and UE2 are β1 and β1, respectively.

Using the parameter values in [47], and the SIC implemented at the receiver for the NOMA system, the

UE rates are calculated as follows; For OFDMA system R1 = 3.33 bps and R2 = 0.50 bps, respectively.

On the other hand, in NOMA, when the power allocation is conducted as P1 = 1/5P and P2 =

4/5P , the user rates are calculated according to (7) as R1 = 4.39 bps and R2 = 0.74 bps, respectively.

The corresponding gains of NOMA from OFDMA are 32% and 48% for UE1 and UE2, respectively.

Therefore, ROFDMA = 3.33 + 0.50 = 3.83 bps, and RNOMA = 4.39 + 0.74 = 5.13 bps. Based on the

above numerical analysis, it can be concluded that the sum data-rate of the NOMA system will be

improved when the channel gains increase, This is because OMA must allocate most of the bandwidth

exclusively to the user under good channel conditions to achieve the maximum total throughput. It is

due to this that we advocate for NOMA techniques and make them a focus of this work.

3 Challenges of the 5G Networks and Mitigation Approaches

This section details some challenges examined throughout this work. Mitigation approaches for the

considered challenges are also provided. While the emerging 5G networks come with great benefits
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in terms of enhanced throughput, data-rates, low-latency, and high spectral-efficiency, a number of

challenges also arises, which includes: the development of advanced modulation and multiple access

schemes, interference management, network architecture design, spectrum-resource management,

and energy-efficiency. This is because of the demand for higher data rates to accommodate the

heterogeneous traffic generated by the billion devices around the world. However, deploying

small-cells sufficiently improves spectral-efficiency through higher frequency reuse spectrum

resources, and the transmitted power is significantly reduced such that the power lost through

propagation will be lower [117]. However, they also come with their own challenges. This research

work focuses on the mitigation of the following challenges; multiple access schemes, interference

management due to HetNets, spectrum resource scarcity and EE optimization.

3.1 Modulation and Multiple Access for 5G Networks

The emerging 5G wireless networks to support large-scale heterogeneous traffic and users presents

various challenges that needs to be addressed urgently. Therefore, new modulation and multiple

access (MA) schemes are being developed to meet these challenging demands brought by this traffic

proliferation. Hence, it becomes more crucial to keep track of the most currently developed

promising modulation and MA schemes approach for 5G networks [44]. Orthogonal frequency

division multiplexing (OFDM) is the physical layer waveform technology adopted in recent wireless

communication networks, which has many key features such as its robustness, ease of

implementation and high spectrum-efficiency. Needless to say that, it is limited by a number of

disadvantages that conflict’s with 5G technology requirements in achieving MBB and IoT for many

reasons. These include high peak to average power ratio (PAPR), signaling overhead in time and high

energy consumption caused by the synchronization for maintaining orthogonality. Furthermore, it

has high out-of-band emission (OBE), to the overhead created using cyclic prefix which needs space

within the data streams [118]. This work investigates the performance analysis of the G-NOMA

schemes as a potential solution to the OMA technologies, to address the issues of massive

connectivity and improved system capacity.

3.2 Heterogeneous Networks

Network operators are already feeling the strain. The actual problem they are facing is not coverage,

but capacity, which is now nearly universal. There are just too many mobile users and devices

demanding too much data. As a solution, HetNets based on a large-scale deployment of small-cells
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Fig. 9: Types of interference in HetNets environment [33].

with low power nodes overlaid in macrocells have been recently proposed to cope with spectrum

scarcity for the 5G networks [119]. In particular, small-cells networks are motivated by the principle

of rethinking network design to offer unprecedented network capacity and improved

spectrum-efficiency, while minimizing energy consumption by adopting energy-efficient small-cell

architectures [120]. Small-cells are typically used in enterprise and residential deployments targeting

the indoor coverage, and the higher powered picocells deployed to extended outdoor coverage to fill

the macrocell coverage holes [117] [121]. Nearly all benefits brought by 5G HetNets deployment

affect the nature of interference management, especially with the deployment of unplanned

small-cells, where network operators have limited control over the location of the small-cells.

Traditional methods of interference management including frequency reuse or BS coordination no

longer translates to HetNets [121]. Nevertheless, the concurrent operation of small-cells and

macrocells results in irregular shaped cell sizes, causing interference challenges, which then requires

advanced power control and resource scheduling methods to mitigate. Fig. 9, clearly shows an

example of the type of interference in HetNets environment.

In HetNets, co-tier and cross-tier interference occur either on the uplink or downlink when the

aggressor (sources of interference) and victim use the same spectrum resource elements. Table 3

provides a summary to better understand the interference between aggressor and victims.

1. The cross-tier interference occurs between network elements that belong to different tiers or

network-layers. The aggressors are network elements that produce the interference, while the

victims are the network elements that suffer the interference originating from the aggressor. For
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example, considering the uplink-domain, the direction of interference is either from the MUE

to the SBS or SUEs to the MBS as shown in Fig. 9. Similarly, in the downlink, the direction of

interference is either from the MBS to the SUEs or SBS to the MUE [122].

2. The co-tier interference occurs among network elements of the same network-layer or tier

which may include inter and intra small-cell interference nor inter-macrocell interference. In

the case of a two-tier femtocells networks, the co-tier interference occurs between neighboring

femtocells. For example, the aggressor i.e, SUEs in this case, sources co-uplink interference to

neighboring SBS(s), which are then considered to be victims. On the other hand, an SBS is as

a source of co-downlink interference affecting adjacent SUE(s) as depicted in Fig. 9 [122].

Table 3: Interference scenarios in two-tier HetNets [33]

Agressors Victims Interference type Transmission mode

MBS small-cell UE (SUE) Cross-tier interference Downlink

macrocell UE (MUE) SBS Cross-tier interference Uplink

SBS MUE Cross-tier interference Downlink

SUE MBS Cross-tier interference Uplink

SBS SUE Co-tier interference Downlink

SUE SBS Co-tier interference Uplink

SUE SUE Intra-cell interference Uplink/Dowlink

The theoretical aspects for understanding HetNets , and the practical constraints, and the potential

challenges that limit operators to maximize these networks capacity were discussed in [123]. Based

on range-expansion mobile association scheme, a downlink radio resource-allocation framework for

OFDMA in HetNets and intracellular CoMP was investigated in [124]. In [125], resource sharing

algorithms to mitigate against interference was achieved through the application of heterogeneous

cloud radio access networks (H-CRAN). Furthermore, the authors in [126] proposed a decentralized

resource allocation scheme to alleviate interference in HetNets. Additionally, a HetNets dynamic

resource allocation IR-HARQ schemes under the presence of interference was investigated in [127].

However, most of these works on resource allocation do not feature a combination of NOMA

technologies for multiple users multiplexing on HetNets. This is done in this work.
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3.3 Spectrum Resource Scarcity

The overwhelmingly critical issue right now is that, we are running out of broadband spectrum.

Therefore spectrum resource sharing schemes are essential to achieve the ambitious goal set by the

5G to increase the network capacity of current predecessor 4G networks by 1000 folds [128, 129].

The need to manage spectrum is motivated by the aspects and attributes of multi-dimensional

resources which do not only include time, frequency, space, power, multi-user diversity but also

includes computation complexity, and energy resources. Due to the ubiquitous channel state

information (CSI) and QoS/QoE, the so-called 5G IoT will results in tremendous data traffic, which

will cause significant signaling overhead challenges. Fortunately, the dense deployment of indoor

and outdoor small-cells provides a promising solution to provision spectrum resource utilization and

to alleviate interference management [130]. However, spectrum resource optimization in ultra-dense

networks involves resource scheduling, interference coordination, throughput

maximization [129, 131–133] i.e,. capacity [134, 135] , sum-rate [136, 137] and

spectral-efficiency [138]. This work focuses on EE spectrum resource allocation for a two-tier

HetNets technology, which is considered essential to alleviate interference, spectrum-efficiency and

sum-rate capacity.

3.4 Energy Efficiency in 5G Networks

The evolution of mobile technologies from 4G to 5G, corresponds to the requirements of EE

optimization, which is growing at a fast rate [139]. At present, ICT systems are responsible for about

5% of the world’s CO2 emissions [140], [141], since they currently deploy wireless communication

systems, which are powered by traditional carbon-based energy sources. In addition, it is anticipated

that 75% of the ICT sector will be wireless by 2020 [139], thus implying that wireless

communications will become the critical sector to manage as far as reducing energy

consumption [142]. Considering the current networks which are designed to maximize capacity by

scaling up the transmit powers; such an approach is not robust, given the exponential growth of data

traffic. However, using more energy to maximize network capacity results in unacceptable operation

costs. Hence, a paradigm shift from throughput to energy-efficiency optimization has long begun.

More specifically, a comprehensive survey of recent advances in wireless networks EE was

conducted in [143]. A cooperative HetNets for 5G, which supports centralized energy saving,

cooperative radio and baseband processing was studied in [144]. As EE constitutes to the key

performance indicators for the 5G networks, potential solutions needs to be developed to address EE
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under various dynamic situations like varying traffic load, mobility, and interference conditions.

Most of this approaches useful for maximizing EE in wireless networks includes; resource allocation,

network planning, and deployment, hardware solutions, energy transfer and harvesting [139].

Although, the deployment of small-cells has solved the distance and transmit power challenges,

interference and energy consumption are practical problems that degrades network performance. As

a result, existing multiplexing schemes to minimize energy have been investigated literature.

Network architectures’ based on energy-efficient classifications were addressed in [120, 145, 146].

Furthermore, the authors in [147] examined the trade-off between bandwidth and EE for wireless

networks. It should be noted that, EE in wireless networks EE can also be extended over different

protocol layers, which consumes energy by the application of power amplifiers, mixers, processors,

registers, filters etc. Therefore, energy-efficient performance metrics are primary key when

optimizing EE, since they are directly related to optimization decisions across all the protocol

layers [116, 148]. This thesis considers EE resource allocation, in which the system EE is defined

using bit-per-joule performance metric to ensure a reliable and secure transmission, and is given as

follows [142],

EE =
Tf(γ)

T (µp+ Pc)
=

f(γ)

µp+ Pc

[
bits/Joules

]
. (11)

As a common feature, all of the numerator’s performance metrics are measured in [bits/s] subject to

signal-to-noise ratio (SNR) (or SINR) of the transmission link, denoted by γ. Thus, we express the

system benefits by a function of f(γ), where f is defined according to the particular performance

metric to be optimized. From (11), µp and Pc denote the transmit and circuit power consumption.

The circuit power consumption is simply an additional power device consumption, which includes

signal processing and active circuit blocks such as: an analog-to-digital converter, digital-to-analog

converter, synthesizer, and mixer during the transmission [149]. From (11) it can be observed that, EE

is measured in [bits/Joule]. Thus, presenting effectiveness with which each Joule of energy is used for

information transmitted.

4 Research Motivation

The 5G wireless communication network, is highly anticipated by its ability to achieve increased

network capacity, higher spectral-efficiency, low-latency and massive connectivity of user’s and

devices, etc. Additionally, the aspect of EE in wireless networks had received attention, due to the
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environmental as well as economical motives for network operators. Since minimizing energy

consumption to maximize network capacity incurs unacceptable energy costs and contributes toward

environmental issues. Among the proposed solutions, NOMA and HetNets have been envisioned as

the key technologies to offer improved network capacity and spectral-efficiency. Considering

HetNets, EE is maximized by overlaying low powered small-cells in macrocell infrastructures. As

for NOMA, EE maximization is achieved via power domain multiplexing. Moreover, NOMA strikes

a good balance between system throughput and user fairness compared to the traditional orthogonal

user scheduling. Femtocells are considered as the small-cells throughout in this work, to mitigate

interference, while maximizing EE. However, the benefits of NOMA schemes have not been well

investigated, and needs further development to better hybrid schemes, to meet the 5G challenges.

This thesis, provides a systematic approach of combining hybrid NOMA (H-NOMA) schemes in

HetNets. Particularly, such deployment brings new technical challenges such as mutual co-tier and

cross-tier interference from the neighboring cells and network users that this work needs to solve.

Furthermore, the application of H-NOMA in HetNets makes spectrum resource allocation more

difficult and challenging. To this end, interference management and spectrum resource allocation to

maximize the achievable sum-rates and EE, are the challenges that this work addresses.

5 Research Objectives

The following is an enumerated summary of the main objectives of this thesis:

1. To conduct a thorough critical literature review of the existing NOMA, referred as G-NOMA

algorithm in this work, and evaluate their performance.

2. To develop HG-NOMA resource allocation algorithm featuring Additive White Gaussian Noise

(AWGN) channel, Rayleigh fading channel, e.t.c. To conduct a performance analysis of the

developed model in HetNets environment.

3. To modify and conduct an EE performance analysis of the developed HG-NOMA resource

allocation scheme.

6 Research Methodology

In the contribution to knowledge, this work considered the following standards analytical tools, apart

from simulations in Matlab and C based programming language; convex optimization and Lagrange
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dual method. The two techniques were considered when formulating the energy-efficiency

optimization problem. Convex optimization have been long used in LTE-Advanced networks, and

today, it serves as a new indispensable computational tool, which increases the ability to solve

problems such as linear programming to a much richer and larger class of problems. This is

discussed in this section.

6.1 Convex Optimization Approach

Resource management plays an important role to improve EE in wireless communication

networks [150]. The main resource management attributes for wireless communications is frequency,

time and power optimization. However, there are other different mechanisms for resource

management in wireless networks, which includes: congestion control, routing and spectrum

resource allocation [151]. In this thesis, we mainly focus on resource allocation (user scheduling) and

power control to maximize the system EE in NOMA-HetNets. Resource allocation means that the

scheduler needs to assign multiple users to a number of spectrum resources. Needless to say that,

resource allocation schemes perform differently, under various channel conditions. On the other

hand, power resources means that, the scheduler needs to allocate different powers to the users.

Generally, these problems are analytically modelled as maximization or minimization optimization

functions subject to some constraints. One of the most common and effective mathematical tool to

solve problems in wireless networks is convex optimization method. In literature, convex

optimization is defined as the combination of one of the three different disciplines, convex analysis,

optimization, and numerical computation. Recently this tool is of importance in wireless

communication and networking, enabling viable solutions to very large, practical problems such as,

reliability and performance efficiency [152]. In this thesis, the convex optimization was considered

when designing and formulating the EE optimization problem. To elaborate in details, let us consider

a standard form of a convex problem given as

min
x∈Z⊆Rn

f(x) (12)

where x describes a vector known as the optimization variable, f : Rn → R denotes a convex

function which needs to be minimized, and Z is a convex set describing the set of feasible solutions.

From a computational perspective, convex optimization problems are interesting in the sense that,

any local optimal solution will always be guaranteed to be globally optimal. One of the effective

concepts of convex optimization considered in this thesis is the Lagrange Duality, which is associated

with the Karush-Kuhn-Tucker (KKT) conditions and Lagrange multipliers attributes. These two
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methods provides important and efficient optimality conditions for convex optimization problems.

6.2 Lagrange Dual Method Optimization

In general, the Lagrange duality theory is known to be the study of optimal solutions to convex

optimization problems. More specifically, the optimal solution to a dual problem is a vector of

Karush-Kuhn-Tucker (KKT) multipliers, which are used in the KKT conditions to ensure that a

solution is optimal. In this work, Lagrange criterion was used to optimize the number of participating

FUEs allocated per spectrum resource, by optimizing the transmitting power of FUEs in each

small-cell of the HetNets. To be specific, an EE optimization problem was formulated and solved

using the Lagrange dual method, considering time and fractional transformation [153]. Based on user

scheduling scheme [154], an optimal resource and power allocation scheme was derived using the

Lagrange criterion method and achieved high QoS, compared to other optimization

algorithms [155, 156]. For example, the Lagrange criterion problem can be formulated as

min
x∈Z⊆Rn

fi(x) (13)

s.t
gi(x) ≤ 0 i = 1, 2, ...,m,

hi(x) = 0 i = 1, 2, ..., p,
(14)

where fi(x) is the objective or cost function, x ∈ Z is the optimization variable. gi(x) and hi(x) are

the inequality and equality constraint functions, and are affine. Eq(13) and (14) describes the problem

of finding an x that minimizes fi(x) among all x values that satisfies the conditions fi(x) = 0, i =

1, 2, ...,m, hi(x) = 0, i = 1, 2, ..., p and x ∈ Z . Given a convex constrained minimization problem

of the form (13), the Lagrangian function is defined as L : Rn × Rm × Rp and is given by

L
(
x, α, β

)
= f0(x) +

m∑
i=1

αigi(x) +

p∑
i=1

βihi(x) (15)

where the first argument of the Lagrangian is a vector x ∈ Rn referred to as the primal variable, whose

dimension matches that of the optimization variable in the original optimization problem, α ∈ Rm

and β ∈ Rp are variables for αi and βi for each of the m convex inequality constraints and p affine

equality constraints in the original optimization problem. These elements of α and β are collectively

known as the dual variables of the Lagrangian or Lagrange multipliers [155, 156]. The optimal value

of the optimization problem is denoted as p∗, and is equal to the minimum possible value of the
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objective function in the feasible region, and is given by

p∗ = min
{
f0(x) : gi(x) ≤ 0, i = 1, 2, ...,m, hi(x) = 0, i = 1, 2, ..., p

}
(16)

to take on the values +∞ and−∞when the problem is either infeasible (the feasible region is empty)

or unbounded below (there exists feasible points such that f(x)→ −∞), respectively. It is said that

x∗ is an optimal point if f(x∗) = p∗. Note that there can be more than one optimal point, even when

the optimal value is finite [156]. These methods are commonly used in solving resource allocation

problems and are used in this thesis.

7 Research Main Contributions

The work done in this thesis has resulted into several publications. Two of them are outlined as below.

7.1 Paper A: Performance Analysis of Generalized-NOMA Techniques in 5G Wireless

Networks

Abstract : Studies the generalized non-orthogonal multiple access (G-NOMA) for the fifth

generation (5G) wireless networks under perfect channel state information (CSI). This work

investigated the performance analysis of the G-NOMA schemes, namely Interleave Division Multiple

Access (IDMA), Multi-User Shared Access (MUSA), pattern division multiple access (PDMA),

Sparse Code Multiple Access (SCMA) that address the issues of massive connectivity and improved

system capacity. The performance of the G-NOMA schemes is investigated in terms of the bit error

rate (BER) and achievable sum rate, and all simulations are conducted in a typically Rayleigh flat

fading wireless channel. Simulation results shows that IDMA outperforms the other G-NOMA

schemes due to the near-optimal design of user-specific interleavers.

7.2 Paper B: Hybrid G-NOMA Resource Allocation scheme for 5G Small-Cell

Networks

Abstract : Non-orthogonal multiple access (NOMA) schemes improve the spectral-efficiency and

data-rates for fifth generation (5G) heterogeneous networks (HetNets). Advancement of these

schemes will further maximize the performance of the networks. This work develops a hybrid

generalized-NOMA (G-NOMA) scheme for a two-tier HetNet. The hybrid G-NOMA (HG-NOMA)

scheme combines different resource pattern assignment and power allocation for the different users
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multiplexed on the same spectrum resource element (SRE) of the network. The resource assignment

and power allocation problem is formulated as an energy-efficiency (EE) maximization problem with

the aim of maximizing user’s connectivity, EE and sum-rate capacity of the small-cells. For

reception, a low-complexity hybrid G-NOMA successive interference cancellation (SIC) receiver that

combines power-levels and diversity pattern gain to realize multi-user detection is proposed.

Performance results show the superiority of the HG-NOMA scheme as compared to the traditional

orthogonal multiple access schemes for small-cells in terms of sum-rate capacity, EE and complexity,

hence demonstrating their suitability.
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1. INTRODUCTION

Abstract

The generalized non-orthogonal multiple access (G-NOMA) enables fifth generation

(5G) wireless networks to meet their demands of massive connectivity of users and

devices, low latency, and high spectral efficiency. This work investigates the

performance analysis of the G-NOMA schemes, namely Interleave Division Multiple

Access (IDMA), Multi-User Shared Access (MUSA), pattern division multiple access

(PDMA), Sparse Code Multiple Access (SCMA) that address the issues of massive

connectivity and improved system capacity. The performance of the G-NOMA

schemes is investigated in terms of the bit error rate (BER) and achievable sum rate.

Perfect channel state information (CSI) is assumed in this work, and all simulations

are conducted in a typical Rayleigh flat fading wireless channel. Simulation results

show that IDMA outperforms the other G-NOMA schemes due to the near-optimal

design of user-specific interleavers.

1 Introduction

The proliferation of data traffic over wireless channels not seen in previous generations has

necessitated the need for newer multiple access technologies for the fifth generation (5G)

communication networks [1]. Moreover, due to the rapid development of mobile internet and internet

of things (IoT), 5G networks have diverse quality of services (QoS) demands such as, the need to

support massive connectivity of users and devices, provide higher spectral efficiency and provide low

latency among others [2] - [3]. Generally, multiple access technologies are classified into two

categories i.e. orthogonal multiple access (OMA) and non-orthogonal multiple access (NOMA). In

the conventional OMA, such as frequency division multiple access (FDMA), time division multiple

access (TDMA), code division multiple access (CDMA) and orthogonal frequency division multiple

access (OFDMA), different users can only be served orthogonally in either time or frequency to

alleviate inter-user interference [2]. Hence the number of available simultaneously accessing users is

strictly proportional to the number of orthogonal resources, thus limited [4]. The 5G demands are

rather challenging and difficult to satisfy using OMA schemes. On the other hand, NOMA

technologies allow multiple users to share the same time and frequency on the same spatial layer via

code domain or power domain multiplexing. Hence, it has been considered an auspicious candidate

to address the QoS demands of the 5G system [1] - [3]. A performance investigation of this schemes
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1. INTRODUCTION

is necessary to determine their application benefits in 5G networks.

In this paper, we focus on G-NOMA schemes that address the issues of massive connectivity and

improved system capacity. Recently, several NOMA schemes have attracted a lot of attention and

have been studied in both industry and academia [3]. NOMA technologies, however, permit

controllable interferences by non-orthogonal resource allocation at the cost of a slight increase in

receiver complexity [2], [5]. NOMA schemes are generally divided into two categories; power

domain and code domain multiplexing [3] - [6]. In power domain NOMA, multiplexing occurs by

allocating different power levels, to different users in the same orthogonal resource block according

to their channel conditions. While code domain multiplexing occurs by assigning sparse codes

designed to support multiple users that share the same time-frequency spectrum domain [7], [8].

Non-orthogonal multiple access schemes include, low-density spreading multiple access

(LDSMA) [9], sparse code multiple access (SCMA) [10], multi-user shared access (MUSA) [11],

pattern division multiple access (PDMA) [12], and interleave division multiple access (IDMA) [13].

These are the ones investigated in this work.

LDSMA is a special form of the conventional code division multiple access (CDMA), in which data

symbols are spread by low density spreading sequences. A chip-level iterative multiuser decoding

based on the message passing algorithm (MPA) receiver is used to effectively exploit the low-density

spreading (LDS) structure [9] - [11]. In SCMA, users bits streams are directly mapped to sparse

codewords selected to user specific codebooks, which enables massive connectivity in the 5G

networks. Hence, users data is transmitted within the same radio resources in time-frequency

domain. The sparsity of the codewords makes it possible to use the near-optimal multiuser decoding

practically feasible [1] - [2], [10]. MUSA is a non-orthogonal transmission and grant-free multiple

access schemes. Data of each user is spread with a family of short length complex spreading codes

that are designed to support massive connectivity while minimizing signaling overhead and power

consumption between users that share the same resource block. Blind detection is applied in MUSA,

in which the minimum mean square error successive interference cancellation (MMSE-SIC) is used

to cancel interference between users [11], [14]. PDMA improves spectral efficiency by the

realization of using sparse non-orthogonal patterns to map recourses to different users. Lastly, the

IDMA explores the possibilities that allow multiple users to share time and frequency by employing

user specific interleavers to separate users. Not only does IDMA inherit many advantages of CDMA,

but it also allows a simple chip-by-chip (CBC) iterative sub-optimal multi-user detection (MUD)

strategy [13] - [15]. In fact, G-NOMA schemes realize overloading by non-orthogonal resource

allocation, which enables massive connectivity and improves system spectral efficiency. While
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2. G-NOMA TECHNIQUES

G-NOMA techniques have the capability of increasing the channel sum rate capacity, there is no

clear quantification of the systems performance analysis nor their comparison. A comparison of the

G-NOMA techniques have been carried out in [2], [14], [16]. However, most of it is a theoretical

comparison, if not, no comprehensive results are developed for the schemes. Hence, this work

investigates a comprehensive system performance comparison of the G-NOMA techniques

incorporating different user overloading.

The rest of the paper is organized as follows, In Section II, G-NOMA schemes features, principles and

system models, are discussed. In Section III simulation results and performance comparison analysis

is done. Finally, Section IV, concludes the paper.

Notation: The bold upper and lower-case letters denote matrices and column vectors, respectively.

IN×N is an N by N identity matrix. The following superscripts
(
·
)H

,
(
·
)−1

and
(
·
)T

represents

Hermitian, inverse and transpose operator, respectively. | · | and ‖ · ‖ denote the absolute value of a

scalar and the Frobenius norm. � Indicates the element-wise dot product of two matrices.

Fig. A.1: General framework of G-NOMA schemes.

2 G-NOMA TECHNIQUES

2.1 Sparse Code Multiple Access (SCMA)

In SCMA, incoming encoded bits of each user are directly mapped to a multi-dimensional sparse

codeword of an SCMA codebook. The SCMA codebook is the joint optimization of multi-dimensional

modulation and low density spreading. SCMA requires joint-decoding, because a user message at the

different REs is jointly encoded as shown in Fig. A.1, where the MPA receiver is used to ensure low

complexity detection [8].
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2. G-NOMA TECHNIQUES

System-model : In the SCMA transmitter system, we assume the SCMA encoder contains K

separate layers (or users) and each layer has a codebook χk, where each codebook contains J

dimensional complex sparse codewords N , i.e. χk =
(
xk, xk1, ..., xKN

)
. We consider the case

J � K , namely, overloading and shaping gain is achieved by SCMA and the demand for massive

connectivity in 5G is accommodated. Let
{
xn,k

}N
n=1

denote the vector
(
xk, xk1, ..., xKN

)T
then

the nth codeword can be written as xkn =
{
xjkn

}J
j=1

. In each layer, dk bits of each K layer are

coded by a low rate channel encoder
(
ENCk

)
, and directly mapped to one sparse codeword on the

kth different codebooks. The N codewords are therefore multiplexed over J shared orthogonal

resources, such as OFDMA tones or MIMO spatial layer, which are therefore affected by the channel

gain vector hk =
(
h1k, h2k, ..., hJK

)
. Let diag

(
hk

)
denote the diagonal matrix where its mth

diagonal element is the mth element of hk. Hence the received signal r is therefore expressed as

r =
K∑
k=1

hkxk + z, (A.1)

where xk =
(
x1k, x1k, ..., xJK

)T
is the kth codeword and z ∼ N (0, σ2) is additive white

Gaussian noise (AWGN). The overloading factor is the ratio between the number of kth users and

jth orthogonal resources given by γ = K/J . According to the method of decoding and interference

cancellation, the signal to noise-plus interference ratio SINR at the BS can be expressed as

SINRn,k =
pn,kgn,k | hn,k |2∑K

j 6=k pn,jgn,j | hn,j |2 + σ2
, (A.2)

where gn,k is a variable that shows the connection between the users and the REs i.e., gn,k =
{

0, 1
}

,

where “1 means the user’s data are mapped to the corresponding resource, while the element “0

means the opposite. Therefore, the achievable sum rate for each user is defined as

Rk =
N∑
n=1

log2

(
1 + SINRn,k

)
, (A.3)

where pn,k = 1 is normalized for equal power allocation.

SCMA-receiver: With SCMA making full utilization of the sparsity of codewords joint-decoding is

realized in the receiver. Particularly, MUD based on the message passing algorithm (MPA) is realized

for separating user’s data with acceptable low-complexity detection. The MPA is typically a joint-

decoding receiver algorithm that can be explained by the bipartite factor graph [2], which includes

the variable and factor nodes. Particularly, in SCMA the variable nodes consist of the transmitted

codewords for kth user, while the factor nodes can be seen as the received signals over jth subcarriers.

Algorithm 1 shows a detailed procedure of the MPA Algorithm [5] .
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2. G-NOMA TECHNIQUES

Algorithm 1 MPA detection algorithm for SCMA
1: Variable Definition

2: V tk→j
(
xk
)

: the message sent from kth user node to jth resource node during ith iteration

3: U tj→k
(
xk
)

: the message sent from jth resource node to kth user node during ith iteration

4: Initializing the marginal probability of each codeword V 0
k→j

(
xjm

)
: ← 1

M
, for j ∈

[
J
]

and k ∈
[
K
]
,m ∈

[
M
]

5: for i = 1, 2, ..., N iterations do

6: update the messages from the resource nodes

7: for j ∈
[
J
]
, k ∈

[
K
]
,m ∈

[
M
]
:
(
j, k
)
∃ factor graph do

8: U tj→k
(
xk
)
←
∑(

xp

)
θk\j

1
πN0

exp
[
− 1
N0
‖ rj− hj,kxj,k,m−

∑
p∈θj\k hk,pxj,p ‖

2
]∏

p∈θj\k V
t
p→j

(
xp
)

9:10: end for

11: update the messages from the resource nodes

12: for j ∈
[
J
]
, k ∈

[
K
]
,m ∈

[
M
]
:
(
j, k
)
∃ factor graph do

13: V tj→k
(
xk
)
← p

(
xj
)∏

s∈θk\j
U t−1
s→k

(
xk,m

)
14: end for

15: Normalize the probabilities of V tj→k
(
xk
)

and U tj→k
(
xk
)

to keep them numerically stable

16: for j, k with cj,k = 1 and xj in χj do

17: V tk→k
(
xj,m

)
← V tk→k

(
xj,m

)
/

M∑
m=1

V tk→k
(
xj,m

)
18: end for

19: end for

20: Make a decision after some ith iteration

21: for k = 1, 2, ...,K and m = 1, 2, ...,M do

22: Vk
(
xk,m

)
← p

(
xj
)∏

j∈θk\j
UN iterations
j→k

(
xk,m

)
23: end for

24: Finally, the one in
{
xk,m

}M
m=1

which maximizes Vk
(
·
)

is regarded as the transmitted codeword in the kth layer
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2. G-NOMA TECHNIQUES

2.2 Multi-User Shared Access (MUSA)

MUSA is a novel multiple access scheme realized in code domain multiplexing. The key principle

of MUSA is that, non-orthogonal complex spreading codes with short length are used by multiple

users for grant-free data transmissions on the same radio resources. Blind detection based on the SIC

receiver is used to decouple the received signals. Different from conventional CDMA, MUSA uses a

family of low cross-correlation complex spreading sequences in the uplink to enable overloading and

reduce the interference among users [17], while the classical MC-CDMA uses long-binary spreading

sequences [3].

System-model: Fig. A.1 illustrates the transceiver structure of the G-NOMA schemes. Generally, for

MUSA, K simultaneous users transmit bits of information which are encoded by a low rate encoder

(FEC) and modulated by an M-QAM modulator resulting in
{
xk

}K
k=1

. Then each kth user, randomly

picks a complex spreading code sk of short length, and spreads the modulated symbol xk, which is

therefore transmitted over the same nth of the N orthogonal REs, such as OFDMA tones or MIMO

spatial layer [11]. Similar to SCMA, overloading is realized by MUSA i.e. N < K . Therefore the

received signal on the nth RE can be represented as

rn =
K∑
k=1

hn,ksn,kxk + zn, (A.4)

where xk =
(
x1, x2, ..., xK

)T
is the modulated symbol and hn,k is the channel gain from the kth

user to the base station (BS) at the nth RE, sn,k is the nth component of the spreading sequence sk

of kth user. Finally, zn ∼ N (0, σ2) is additive white Gaussian noise (AWGN) sample.

MUSA-Receiver : MUD at the receiver is implemented by using the minimum mean square error

(MMSE) for decoding the superposed user’s signals. Algorithm 2 [2] provides a detailed MMSE-

SIC decoding scheme for the system model of eq(A.4). Since the decoding order doesn’t influence

the sum rate capacity, we assume that the users are decoded in the order of decreasing SINR of

their indices without loss of generality. Then the interference that the kth user experiences on the nth

resource is denoted as

In,k =
K∑
i6=k

bi,ksi,khi,k, (A.5)

where bi,k = 1, if the nth resource is allocated to the kth user and bi,k = 0 otherwise. Then the sum

rate of the kth user on the nth RE is given by eq(A.3).
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2. G-NOMA TECHNIQUES

Algorithm 2 MMSE-SIC based ordering for MUSA
1: Input Variables

2: r : the received signal for all orthogonal subcarriers

3: H : channel response matrix

4: K : number of users

5:

6: for k = 1, 2, ...,K do

7: Estimate the MMSE transformation weight matrix

8: WMMSE = E
WMMSEmin

[
‖ x − Wr ‖2

]
9: =

(
HHH + σ2I

)−1
HH

10: Where I is an identity matrix based on the kth users

11: for i = 1, 2, ...,K −
(
k − 1

)
do

12: Calculate the post SINR for each kth user

13: SINRi =
|Wi,MMSEHi|2∑

l 6=i|Wi,MMSEHi|+σ2‖Wi,MMSE‖2

14: end for

15: Perform post-ordering of SINR in decreasing order

16: Estimate x̂ of the kthuser with highest SINR

17: x̂k = Wk,MMSE ∗ r

18: r̂k = r − hkx̂k

19: Remove h(j) from the channel matrix H

20: end for
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2. G-NOMA TECHNIQUES

2.3 Pattern Divison Multiple Access (PDMA)

Pattern division multiple access (PDMA), is a novel G-NOMA scheme based on the successive

interference cancellation amenable multiple access (SAMA) technique. In order to address the

challenges of massive connectivity and higher spectral efficiency for the 5G networks. Different from

SCMA with no strict rule of using low-density spreading codes [8], PDMA uses PDMA pattern to

define a sparse mapping from data to a group of resources. The pattern is introduced to differentiate

signals of users sharing the same resources [6]. This work investigates PDMA in code domain to

make full use of the various channel resources. PDMA can be detected by either a SIC-based receiver

or MPA receiver. The PDMA is originally designed based on the SIC receiver [14]. In this paper we

adopt the MPA receiver, for low complexity detection.

System-model : Fig. A.1, as for the PDMA system, non-orthogonal patterns are realized to maximize

the diversity and to minimize the interference of multiple users. K users and their data are mapped

onto N REs by using distinguished PDMA patterns gk.The kth users PDMA patterns on N REs

construct a PDMA pattern matrix G

[
N,F

]
PDMA =

[
g1, g2, . . . , gK

]
with the dimensions of N × K .

For PDMA system, the received signal at the receiver from the transmitter is obtained by spreading

the user’s modulation symbol xk according to the PDMA pattern gk [12]. In the uplink, the received

signal on the nth RE can be expressed as

rn =
K∑
k=1

HPDMA

(
n, k

)√
pn,kxk + zn, (A.6)

where

HPDMA = HCh �G
[
N,K

]
PDMA

=
[
h1, h2, . . . , hK

]
�
[
g1, g2, . . . , gK

]
,

=


h11g11 h12g12 · · · h1Kg1K

h21g21 h22g22 · · · h2Kg2K
...

...
. . .

...

hN1gN1 hN2gN2 · · · hNKgNK

 ,
(A.7)

indicates the PDMA equivalent channel response matrix from users to BS with dimension N × K ,

HCh =
[
h1, h2, . . . , hK

]
is the channel gain of the kth users, xk is the transmit symbol from the

kth user to BS, pn,k denotes the allocated transmit power of kth user at nth REs. We assume that the

total transmit power P allocated in each RE for each user is equal. In this work, the transmit power is
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2. G-NOMA TECHNIQUES

normalized pn,k = 1 for equal power allocation. Then eq(A.6) becomes :

rn =
K∑
k=1

HPDMA

(
n, k

)
xk + zn, (A.8)

where zn ∼ N (0, σ2) denotes the corresponding complex AWGN at the nth RE. The signal for the

jth user, where j 6= k, will be treated as interference as the BS detects the signal of kth user. Hence,

the achievable sum rate of the kth user on the nth RE is as in eq(A.3). Whereby the SINR given by

SINRn,k =
pn,kgn,k | hn,k |2

K∑
j 6=k

pn,jgn,j | hn,j |2 + σ2

, (A.9)

denotes the kth user’s signal-to-Interference-plus-Noise Ratio (SINR) at the nth RB in the receiver.

PDMA-receiver: At the receiver, the MPA-receiver (refer to Algorithm 1) scheme is implemented

to facilitate interference cancellation. However, for non-orthogonal transmission employing a SIC

receiver, the error propagation problem is introduced. The MPA is used to maintain a low complexity

detection. However, the MPA receiver suffers from the detection complexity problem. Therefore,

improvements of the MPA can be used to reduce complexity, such as using the projected constellation

methodology to construct the codebooks [3], [18]. In addition, the Gaussian approximation of

interference (GAI), which models the interference-plus-noise as Gaussian distributed, and such

approximation tends to be more accurate as the amount of connectivity becomes larger in 5G [3].

2.4 Interleave Division Multiple Access (IDMA)

The idea behind IDMA is non-orthogonal transmission and the application of using, user-specific

interleavers as the only means for user separation. IDMA allows a very simple chip-by-chip (CBC)

iterative sub-optimal MUD strategy in the receiver. Regarding IDMA, some researchers have

developed different interleaver’s designs, including Random Interleaver, New Logistic Map

Interleavers (NLM Interleavers). Helical Interleaver, with the aim of reducing the bandwidth,

memory resources, and increased spectral efficiency [13] - [19].

System-model: From Fig. A.1, the IDMA system utilizes the bit level interleaver MA encoder.

Generally, the information bits of K users is sequentially processed by a low rate channel encoder

(FEC), interleaved by using a unique user interleaver [15] and spread by a binary sequences, which is

different from MUSA low-correlation complex spreading codes. The spreaded bit sequence is then

modulated using M-QAM modulator to yield
{
xk

}K
k=1

. The received signal on each jth frame at
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the base station is given by

rn =
K∑
k=1

hkxk

(
j
)

+ z
(
j
)
, (A.10)

where xk, hk and z
(
j
)

is the transmitted signal of kth user, complex channel coefficient between the

kth users and the base station, and the samples of the additive white Gaussian noise (AWGN) with

σ2 = N0/2 respectively. We assume that the channel coefcients hk are known a priori at the receiver.

IDMA-receiver: We adopt an iterative sub-optimal receiver as Chip-by-chip (CBC) MUD scheme, as

illustrated in the transceiver model of Fig A.1, which consists of an elementary signal estimator (ESE)

and a posteriori probability (APP) decoders (DECs) that iteratively exchange extrinsic information of

the kth users. Algorithm 3 [13], provides a detailed CBC decoding schemes for the IDMA. Denoted

by SINR

(
l
)

k the average SNIR for the outputs of the ESE after the lth iteration. Let fkSINR

(
l
)

k

be the average variance of the outputs of DEC driven by an input sequence with SINR

(
l
)

k . Then the

SINR is given by

SINR

(
l+1
)

k =
pk | hk |2∑K

j 6=k pi | hifkSINR

(
l
)

k |2 + σ2

, (A.11)

where l is the maximum number of iterations. Hence the achievable sum rate for each user is defined

as in eq(A.3),where pk = 1 is normalized for equal power allocation.

3 Simulation Results and Discussions

The uplink BER rate and achievable sum rate performance are investigated and presented in this

section. The codebook design in SCMA is according to [10] and the PDMA non-orthogonal patterns

design is based on the principle in [12]. Spreading sequences in MUSA are generated by a pseudo-

random sequence whose real and imaginary part is a 3-ary set which includes
{
− 1, 0, 1

}
, so each

element of the complex spreading codes is from the set
{
−1+i,−1,−1−i, i, 0,−i, 1+i, 1, 1−i

}
before normalization. The IDMA is employed with random interleaving as in [13]. The simulation

parameters are presented in Table A.1. In addition, the OFDMA simulation parameters are according

to [7] for performance bench-marking.
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Algorithm 3 Chip-by-Chip Detection for IDMA
21:1: Input Variables

2: r : the received signal for all orthogonal subcarriers

3: H : channel response matrix

4: K : number of users

5: for n = 1, 2, ..., N iterations do

6: Perform each task for each user

7: for k = 1, 2, ...,K do

8: Calculate the expected value of each user

9: E
(
xk

(
j
))

= tanh
(
eDEC

(
xk

(
j
))
/2
)

10: Calculate the variance of each users data

11: V ar
(
xk

(
j
))

= 1−
(
E
(
xk

(
j
)))2

12: Sum of the mean of each user

13: E
(
r
(
j
))

=
∑K
k=1 hkE

(
xk

(
j
))

14: Sum of the variance of each user

15: V ar

(
r
(
j
))

=
∑K
k=1 | hk |2 V ar

(
xk
(
j
))

+ σ2

16: Compute the Extrinsic LLR from ESE of each user

17: eESE
(
xk

(
j
))

= 2hk ∗
r
(
j
)
−
(
E
(
r
(
j
))
−hkE

(
xk

(
j
)))

V ar
(
r
(
j
))
−|hk|2V ar

(
xk

(
j
))

18: end for

19: end for

Table A.1: Simulation parameters

Parameters Assumptions

System Bandwidth 10MHz

Carrier frequency 2GH

Channel Model Rayleigh Flat fading

Channel estimation Perfect

Overloading Factors 150 and 200

Decoding Iterations 10 for both MPA and ESE

Modulation coding rate
QPSK; Convolutional coding,

Random interleaver for IDMA

Receiver model

MPA receiver for SCMA and PDMA,

MMSE-SIC for MUSA, linear MMSE

receiver for OFDMA, ESE

Chip-by-Chip receiver for IDMA

Figs. A.2 - A.3 illustrates the BER performance vs the SNR of the G-NOMA schemes with diverse

overloading factors. Without loss of generality, we assume the allocated power for all REs is kept the
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3. SIMULATION RESULTS AND DISCUSSIONS

same for all G-NOMA and OMA schemes. The results in Fig. A.2, show that G-NOMA technologies

outperform the OMA when users are overloaded with 150 percent. This is due to the diversity gain

from the sparsity of codewords, PDMA pattern, bitstream interleaving, and complex spreading.

MUSA on the other hand, shows a different tendency when 150 percent overloading case is exhibited

against OFDMA as in Fig. A.2. This is because MUSA adopted a linear MMSE-SIC receiver to

mitigate inter-user interference. It reduces the power of the desired signal and causes error

propagation problem which suppresses the interference. Hence diversity gain loss occurs. IDMA on

the other hand, shows excellent performance when compared to other G-NOMA schemes even in an

uncoded environment. This can be attributed to by the type of interleaver implemented to

differentiate the users. Moreover, it can be observed that SCMA with 150 percent user overloading

has a higher gain when compared to PDMA and MUSA with 150 percent user overloading.

0 5 10 15 20

SNR(dB)

10-3

10-2

10-1

100

B
E

R

Uncoded MUSA 150%

Uncoded SCMA 150%

Uncoded PDMA 150%

Uncoded IDMA

Uncoded OFDMA

Coded MUSA 150%

Coded SCMA 150%

Coded PDMA 150%

coded IDMA

coded OFDMA

Fig. A.2: BER performance of G-NOMA schemes with 150 percent overloading

62



i
i

“output” — 2019/3/5 — 6:44 — page 63 — #82 i
i

i
i

i
i
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0 5 10 15 20

SNR(dB)
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Uncoded PDMA 200%

Uncoded SCMA 200%

Coded MUSA 200%

Coded PDMA 200%

Coded SCMA 200%

Uncoded IDMA

Uncoded OFDMA

Coded IDMA

Coded OFDMA

Fig. A.3: BER performance of G-NOMA schemes with 200 percent overloading

Fig. A.3. Exhibits the BER performance of the G-NOMA techniques with 200 percent overloading

case. The BER curves of MUSA with 200 percent user overloading has a unique tendency. Hence it

is saturated. This is because the spreading factor is much smaller than the number of the overloaded

users, therefore the effective channel matrix for the MMSE weight filter does not have rank enough to

differentiate the larger number of users’ signals. This means that it is more difficult to separate each

users’ signal as the overloading factor increases. Moreover, the diversity gain of MUSA is relatively

low compared to the gain in other G-NOMA schemes. However it should be noted that not all the

G-NOMA schemes outperform the OFDMA. Even so, MUSA can overcome this problem with the aid

of moderate user overloading factors.
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Fig. A.4: Achievable sum rate with 150 percent overloading
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Fig. A.5: Achievable sum rate with 200 percent overloading

Figs. A.4 - A.5 shows the achievable sum rate performance of the G-NOMA techniques with 150 and
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4. CONCLUSION

200 percent overloading case. From Fig. A.4 we observe that the G-NOMA schemes, performs better

than the OMA scheme. However, for uncoded PDMA and MUSA the results are almost the same,

when compared to the OFDMA. On the other hand, from Fig. A.5, when the overloading factor is 200

percent, all the G-NOMA schemes outperform the OFDMA techniques. The increased overloading

also increase the achievable sum rate performance.

4 Conclusion

In this paper, we have compared the performance of four typical G-NOMA schemes, in terms of BER

and achievable sum rate. It was found that IDMA has excellent performance and SCMA has the

best performance due to the near-optimal design of sparse codewords together with the near-optimal

MPA receiver, while PDMA outperforms MUSA. This comparison study reveals that to obtain better

system performance for G-NOMA techniques, advance IDMA interleavers and the design of sparse

codebooks in SCMA, low-correlation spreading sequences in MUSA, and non-orthogonal patterns in

PDMA should be optimized. Additionally, robust receiver with low complexity is also expected for

NOMA.
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1. INTRODUCTION

Abstract

Non-orthogonal multiple access (NOMA) schemes improve the spectral-efficiency

and data-rates of fifth generation (5G) heterogeneous networks (HetNets).

Advancement of these schemes will further maximize the performance of the

networks. This work develops a hybrid generalized-NOMA (G-NOMA) scheme for a

two-tier HetNet. The hybrid G-NOMA (HG-NOMA) scheme combines different

resource pattern assignment and power allocation for the different users multiplexed

on the same spectrum resource element (SRE) of the network. The resource

assignment and power allocation problem is formulated as an energy-efficiency (EE)

maximization problem with the aim of maximizing user’s connectivity, EE and

sum-rate capacity of the small-cells. For reception, a low-complexity hybrid

G-NOMA successive interference cancellation (SIC) receiver that combines

power-levels and diversity pattern gain to realize multi-user detection is proposed.

Performance results show the superiority of the HG-NOMA scheme as compared to

the traditional orthogonal multiple access schemes for small-cells in terms of

sum-rate capacity, EE and complexity, hence demonstrating their suitability.

1 Introduction

The proliferation of modern wireless communication technologies and their applications has

accelerated the demand for high data-rates and spectral-efficiency. As a result, energy-efficiency

(EE), spectrum scarcity and hence spectrum resource utilization, have emerged as major challenges

for the fifth generation (5G) networks. To mitigate these challenges, new standardized

communication technologies need to be developed and well investigated. In the current predecessor

LTE-A networks, orthogonal frequency multiple access (OFDMA) scheme is used for spectrum

access. It allows the user’s to be served orthogonally in time-frequency spectrum to alleviate

narrowband interference and impulsive noise. Even though OFDMA increased the spectrum capacity

of previous networks, more is required for future networks. Driven by these spectrum limitations of

orthogonal multiple access (OMA) schemes, non-orthogonal multiple access (NOMA) technologies,

envisioned for 5G networks, have been proposed for their potential ability to yield high

spectrum-efficiency and enhanced massive connectivity of user access [1]. The significance of

NOMA is co-multiplexing users on the same spectrum resource elements (SREs) (i.e. time slot,
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1. INTRODUCTION

OFDMA subcarrier, or spreading code) via power domain (PD) or code domain (CD) at the

transmitter and successfully separating them at the receiver by multi-user detection (MUD) schemes.

NOMA schemes permit controllable interference by non-orthogonal resource allocation albeit

increase in receiver complexity [2].

The generalized-NOMA (G-NOMA) schemes proposed to alleviate the 5G multiple access demands

include: Interleave division multiple access (IDMA) [3], which explores multiplexing by employing

user specific interleavers; PD-NOMA where multiplexing occurs by allocating different power levels

to different users on the same orthogonal SRE according to their channel conditions [4]; Sparse code

multiple access (SCMA) [5] and low-density spreading multiple access (LDSMA) [6] based on the

idea of user information being spread over multiple subcarriers using code words; Multi-user shared

access (MUSA) [7], an improved version of the code division multiple access (CDMA), which uses

low-correlation spreading codes to overcome overloading at the transmitter and employing

successive interference cancellation (SIC) to realize MUD at the receiver; Finally, the pattern division

multiple access (PDMA) [8], which uses non-orthogonal patterns to maximize diversity and the

overlapping of multiple users. Generally, G-NOMA schemes achieve overloading by non-orthogonal

spectrum resource allocation, which enables massive connectivity and improves system

spectral-efficiency. The development and performance improvement of the G-NOMA techniques

together with their challenges over the traditional OMA techniques is exhaustively done in [9], [10],

and need not be emphasized.

HetNets based on a large-scale deployment of small-cells with low power nodes overlaid in

macrocells present a promising solution to cope with spectrum scarcity for the 5G networks [11]. In

particular, small-cell networks are motivated by the principle of rethinking network design to offer

unprecedented network capacity and improved spectrum-efficiency, while minimizing energy

consumption by adopting energy-efficient small-cell architectures [12]. This work primarily focuses

on small-cells to maximize the system sum-rate and EE. Due to their small sizes, they present the

challenges of spectrum resource allocation and interference management (i.e., cross-tier and intra-tier

interference). To alleviate the cross-tier interference, resource optimization involving hybrid

G-NOMA (HG-NOMA) scheme is proposed for the small-cells. Resource optimization for OFDMA

to improve spectral-efficiency and data-rates in the point-to-point transmission scenario has been

extensively done for single and HetNets. Resource allocation strategies for OFDMA downlink have

been investigated in [13], [14] for single networks. In [15], [16], resource allocation schemes for

heterogeneous macrocell/femtocell networks have been developed. Uplink resource allocation

strategies and EE in OFDMA have been done in [17] [18]. The same cannot be said on the
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1. INTRODUCTION

development and investigation of G-NOMA schemes.

1.1 Related Works

Several aspects of the G-NOMA power & resource allocation schemes have been investigated. The

performance improvement of NOMA by optimizing the receiver design and the radio resource

allocation was investigated in [19], at the cost of restrained computational complexity and limited

number of users mapped per SRE. An advanced user pairing and power allocation based resource

allocation for a downlink NOMA system is studied in [20]. In [21] and [22], the proportional fairness

scheduling was investigated for downlink NOMA. However, little is known about the computational

complexity and tractability of the NOMA resource allocation algorithm. A genetic algorithm based

NOMA-OFDM downlink radio resource allocation scheme was proposed in [23], to reach a target

solution which balances the trade-off between system throughput and user fairness. In addition, the

coverage and throughput performances of HetNets with the non-coordinated NOMA and coordinated

joint transmission NOMA schemes were proposed in [24]. The works in [25] and [26] extend

resource allocation to the convergence of HetNets with NOMA in multi-tier networks, showing

greater improvement in system capacity and throughput. An iterative distributed power control was

studied in [27] to maximize the sum-rate of NOMA HetNet under the constraints of total transmit

power and users QoS requirement. This showed greater improvement in spectral efficiency and lower

outage performance when compared to OMA HetNets. An elegant uplink subchannel and power

allocation scheme for NOMA system was proposed in [28]. The authors in [29] and [30] proposed

iterative resource allocation algorithms for a typical NOMA system, but did not consider EE. Most of

these resource allocation works do not feature a combination of EE resource allocation strategies for

multiple users on the uplink of a NOMA HetNet.

Recently, the potential of EE in 5G HetNets has been explored, and various energy-efficient resource

optimization problems studied for NOMA. For a downlink NOMA system, energy-efficient

subchannel power allocation schemes were proposed in [12, 31]. Nevertheless, the number of users

was limited to two in the subchannel and power allocation algorithm, greatly restraining the

application of NOMA. In [32], NOMA was implemented in ultra-dense HetNet to optimize the

system EE and fairness. In [33], the comparison analysis of PD-NOMA and SCMA was investigated

for downlink HetNets, where SCMA achieved better sum-rate capacity performance at the expense of

system complexity. The trade-off between data-rate performance and energy consumption in NOMA

was examined in [12] as the problem of EE user scheduling and power optimization in downlink

NOMA HetNets for perfect and imperfect CSI, respectively. Considering, dual connectivity,
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coordinated multi-point transmission and PD-NOMA, the downlink energy efficiency of

heterogeneous cloud radio access network (H-CRAN) was maximized in [34]. The authors in [35]

investigated an energy cooperation resource allocation for a two-tier HetNets with NOMA, where the

BS’s are powered by both renewable energy sources and the conventional grid. A combination of EE

resource allocation NOMA features mentioned earlier was not considered in these NOMA schemes.

Few attempts to develop hybrid schemes have been undertaken. In [1], a downlink hybrid HetNets

framework was proposed, where NOMA is adopted in small cells and MIMO employed in

macrocells. The trade-off for achieving spectral-efficiency and EE with users’ minimum rate

requirements in hybrid multi-carrier non-orthogonal multiple access systems incorporating both

NOMA and OMA modes into one unified framework was investigated in [36]. A system-level

evaluation of the impact of NOMA in the downlink capacity dimension of a HetNet with hybrid

multiple access where NOMA and orthogonal multiple access coexist was investigated in [26].

Different from the conventional OMA HetNets design , G-NOMA enhanced HetNets design posses

additional challenges of co-channel and cross-tier interference, EE problems, and results in

high-complexity receivers [13]. These hybrid schemes do not combine all the NOMA features. They

do not address the problem of how small-cell improves the system EE and sum-rate, by considering

joint resource assignment and power allocation in a macrocell environment. Furthermore, they do not

employ hybrid MUD receivers that combine power resource and patterns in the reception.

Accordingly, while using the traditional power-domain NOMA in HetNets, the appropriate allocation

of different powers to different users to improve the EE and sum-rate performances of the overall

system is still not very clear, in these works

1.2 Contribution and Methodology

This work proposes an EE resource allocation framework for NOMA enhanced small-cells to

maximize the systems EE. The primary contributions and methodology of this paper is summarized

as follows:

• We propose a hybrid G-NOMA (HG-NOMA) resource allocation scheme that integrates PD-

NOMA and PDMA on the uplink of 5G small-cells network. Power resources are chosen as the

fundamental multiplexing domain between the MUEs and FUEs, and code domain as the key

multiplexing domain in the sparse pattern mapping of the FUEs.

• Based on the proposed model, we formulate an EE maximization problem by considering joint

spectrum and power allocation, with the aim of maximizing massive connectivity of user access,
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system EE and sum-rate capacity enhancement of the small cells. In addition, we propose a low-

complexity HG-SIC receiver that combines both the power-levels & diversity (patterns) gain to

realize MUD.

• To solve the non-convex EE problem of each FBS, we invoke the langrange dual problem to

iteratively update the resource assignment and power allocation vector by solving the

approximate convex problem. The proposed algorithm is convergent and the solution satisfies

the Karush-Kuhn-Tucker (KKT) conditions.

• We demonstrate that the proposed EE HG-NOMA scheme outperforms the traditional OMA

based small-cells in terms of sum-rate capacity and EE. This demonstrates the practicality of

the proposed scheme.

• Finally, we show that, the computational complexity of the proposed EE HG-NOMA increases

with the number of FBS, and users in each FBS.

1.3 Organization and Notations

The rest of the paper is organized as follows, Section II presents the system model and problem

formulation. The proposed energy-efficient resource allocation schemes is detailed in Section III.

In Section IV, the simulation results and performance evaluation are discussed. Finally, Section V

concludes the paper.

Notation: The bold upper and lower-case letters denote matrices and column vectors, respectively.

IN ×N Is anN byN identity matrix. The following superscripts
(
·
)H

,
(
·
)−1

and
(
·
)T

represents

Hermitian, inverse and transpose operator. | · | and ‖ · ‖ denote the absolute value of a scalar and the

Frobenius norm. � indicates the element-wise dot product of two matrices.
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2. SYSTEM MODEL AND PROBLEM FORMULATION

Fig. B.1: Illustration of an uplink HG-NOMA HetNets works with one MBS and FBS.

2 System Model and Problem Formulation

We consider a two-tier conventional HetNet model, with a centralized macro-cell base station (MBS)

in the macro-cell, as shown in Fig. B.1. We assume that M MUEs are uniformly distributed within

the macrocell overlaid with F femtocells characterized by low-power constraint which limits their

coverage. In each of the F femtocells, there exists a centralized femtocell base station (FBS) and

K FUEs that are uniformly distributed within the femtocell. In this work, the FUEs and MUEs are

co-multiplexed over the same time-frequency spectrum resource elements (SREs) to alleviate massive

connectivity and improve the overall EE under the assumption of perfect channel state information

(CSI). Block fading is adopted in this work, where the fading environment of each SRE is deduced to

be the same within an SRE, but differs independently across different SREs. We specifically focus on

the small-cells, by considering the intra-tier interference and cross-tier interference from the MUEs.

Particularly, the MUEs, FUEs, and FBS are equipped with a single antenna.

2.1 Transmitter power and pattern allocation

The network has a total bandwidth B, divided into N SREs, with each SRE occupying a bandwidth

Bsc = B/N . The transmitter assigns PFUEi,k,n and PMUE
m,n power levels to the kth FUE in the ith FBS

on the nth SRE and transmit power to the mth MUE on the nth SRE, respectively. Defining hFUEi,k,n

and hMF
i,m,n, as the channel gain from the kth FUE to ith FBS on the nth SRE and the channel gain

on the nth SRE link of the mth MUE to the ith FBS. Let G

[
I,K,N

]
FUE =

[
αi,k,n

]
F×K×N be the SRE
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2. SYSTEM MODEL AND PROBLEM FORMULATION

Fig. B.2: Channel model of the uplink Hybrid G-NOMA enabled HetNets.

HG-NOMA transmitter pattern matrix for the small cells, where αi,k,n = 1 denotes that nth SRE is

assigned to the kth FUE communicating to the ith FBS. Similarly, denotingG

[
M,N

]
MUE =

[
βm,n

]
M×N

as SRE HG-NOMA pattern transmitter matrix for the MUEs, where βm,n = 1 denotes that nth SRE

is assigned to the mth MUE. The SRE pattern allocation matrix is shown in Fig. B.2. Consequently,

the received signal by the ith FBS for kth FUE on the nth SRE is given by

yi,k,n = G

[
I,K,N

]
FUE

√
PFUE
i,k,n xk︸ ︷︷ ︸

FUE desired signal

+

K∑
j 6=k

G

[
I,J,N

]
FUE

√
PFUE
i,j,n xj︸ ︷︷ ︸

intra-cell interference

+

M∑
m=1

G

[
M,N

]
MUE

√
PMUE
n,m xm︸ ︷︷ ︸

Cross-tier interference

+zi,k,n (B.1)

where xk, xj and xk are the transmitted symbols, and zi,k,n is the AWGN noise. Hence, the data-rate

of the kth FUE to the ith FBS on the nth SRE is given by

ΓFBS
i,k,n =

PFUE
i,k,n h

FUE
i,k,nG

[
I,K,N

]
FUE

K∑
j=1,j 6=k

PFUE
i,j,n hFUE

i,j,n G

[
I,J,N

]
FUE + IMn + σ2

z

. (B.2)

where IMn =
∑M

m=1G

[
M,N

]
MUE PMUE

m,n hMF
i,m,n is the cross-tier interference caused by the MUEs, and σ2

z is

the received background noise. Without the loss of generality, PFUE
i,k,n ≤ PMUE

m,n is for the PD-NOMA

separation.

2.2 Receiver Model

A MUD algorithm based on SIC is proposed, as shown in Algorithm 1. The HG-SIC receiver jointly

considers the FUEs specific signal power and diversity order. Using Hp

(
i, k, n

)
=
[
hFUE
i,k,n

]
F×K×N �

G

[
I,N,K

]
FUE , the equivalent channel matrix, the FUEs are detected based on the characteristics of high

signal power and low diversity order. Hence, the signal for the jth FUE and mth MUE, where j 6= k is
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2. SYSTEM MODEL AND PROBLEM FORMULATION

Algorithm 4 H-MMSE-SIC receiver scheme

1: Input Variables : y (received signal), Hp, σ2
z

2: Output Variable : x̂ is the estimated symbol

3: while i ≤ F do

4: for k = 1, 2, ...,K do

5: Estimate the MMSE transformation weight matrix

6: WMMSE(i, k) = minWMMSE(i,k)E
[
‖ xi,k −Wy(i, k) ‖2

]
7: =

(
Hp(i, k)Hp(i,k)Hp(i, k) + σ2

zI
)−1

Hp(i, k)Hp(i,k)

8: where I is an identity matrix

9: for l = 1, 2, ...,K −
(
k − 1

)
do

10: Compute SINRi,l for kth FUE on the ith FBS

11: SINRi,l =
|WMMSE(i,l)Hp(i,l)|2

K∑
l 6=k
|WMMSE(i,l)Hp(i,l)|+σ2

z‖WMMSE(i,l)‖2

12: Compute the diversity order Ndiv(i, l) for each lth FUE on

13: the ith FBS

14: Ndiv(i, l)
(
i
)

= arg minA
(
G

[
I,K,:

]
FUE

)
15: end for

16: Perform post-ordering of SINRi,l and lowest Ndiv(i, l)

17: δmaxi,k = δ
(
max(SINRi,l),min(Ndiv(i, l))

)
18: Estimate x̂i,k of the kth FUE on the ith FBS, which satisfies δmaxk

19: x̂i,k = WMMSE(i, k) ∗ yi,k

20: ŷi,k = yi,k −Hp(i, k)x̂i,k

21: Remove the kth FUE and perform signal reconstruction

22: end for

23: end while
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2. SYSTEM MODEL AND PROBLEM FORMULATION

treated as interference. Consequently, the sum-rate, RFUE
i,k,n , at the ith FBS for the kth FUE on the nth

SRE is given by

RFUEi,k,n = log2

(
1 + ΓFBSi,k,n

)
. (B.3)

Based on (B.3), the achievable sum-rate capacity at the FBS, CF , of the considered network can be

formulated as

CF =
F∑
i=1

K∑
k=1

N∑
n=1

RFUEi,k,n . (B.4)

2.3 Energy-Efficiency Problem Formulation

The spectrum resource assignment is computed by the FBS for each FUEs under the following

constraints :

• Maximum power constraint : The total allocated power of the kth users on the nth SREs of the

ith FBS cannot exceed Pmax

N∑
n=1

αi,k,nP
FUE
i,k,n ≤ Pmax, (B.5)

where Pmax is the maximum transmit power of each FBS.

• Rate requirement QoS : The rate QoS is guaranteed for each kth FUE to ensure its maximum

performance and should exceed Rmink . Thus, the constraint is given as

F∑
i=1

K∑
k=1

N∑
n=1

RFUEi,k,n ≥ Rmink . (B.6)

• Cross-tier interference management constraint : The interference temperature constraint is

considered to limit the cross-tier interference experienced by a MBS from femtocells to

macrocell. The interference temperature constraint is given by

F∑
i=1

K∑
k=1

αi,k,nP
FUE
i,k,n h

MF
i,k,n ≤ Ithn ,∀n, (B.7)

where Ithn is the maximum tolerable cross-tier interference temperature on the nth SRE in the

macrocell.

• FUE spectrum resource constraint : The SRE cannot be assigned to no more than L FUEs at a

time in a femtocell. Therefore, the SRE assignment constraint is given by

F∑
i=1

αi,k,n ≤ L. (B.8)
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Our purpose is to maximize the overall EE capacity by considering the joint combinatorial decision

policies of power allocation P = {PFUEi,k,n |∀i, k, n} and SRE assignment X = {αi,k,n|∀i, k, n}.
The system EE is defined as a ratio of the system sum-rate to the total power utilization expressed as

EE
(
P,X
)

=
CF
(
P,X
)

PFT
(
P,X
)

+ PFc
, (B.9)

where total power consumption at the FBS is modelled as

PFT
(
P,X
)

=
∑F

i=1

∑K
k=1

∑N
n=1 ζαi,k,nP

FUE
i,k,n , and ζ ∈

(
0, 1
)

is the energy conversion

inefficiency, PFc is the circuit power consumption. Thus, the corresponding optimization problem is

expressed as

max{
P,X
}EE(P,X

)
(B.10)

s.t

C1:
N∑
n=1

αi,k,nP
FUE
i,k,n ≤ Pmax ,∀i, k, (B.11a)

C2: PFUEi,k,n ≥ 0 ,∀i, k, n (B.11b)

C3:
F∑
i=1

K∑
k=1

N∑
n=1

RFUEi,k,n ≥ Rmink , (B.11c)

C4:
F∑
i=1

K∑
k=1

αi,k,nP
FUE
i,k,n h

MF
i,k,n ≤ Ithn ,∀n, (B.11d)

C5:
F∑
i=1

αi,k,n ≤ L , ∀i, k, n, (B.11e)

C6: αi,k,n ∈
{

0, 1
}

,∀i, k, n (B.11f)

C2 shows that the allocated power is non-negative. C6 denotes the allocation of the number of users

allocated per SRE.

3 Proposed Energy-Efficient resource allocation schemes

The objective function in (B.10) is a mixed integer and non-convex optimization problem.

Mathematical transformation and convex optimization techniques are carried out to transform the

original problem into a concave one. The langrange dual method is then applied to solve the resultant

transformed problem. The non-linearity and non-convex characteristics of (B.10) is dual decomposed

as outer and inner loop problems respectively [37]. This effectively transforms it into a concave

optimization problem. The transformation is described below.
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3.1 Outer Loop Problem

To deal with the non-convexity caused by the consideration of intricate interference distributions, and

to make the optimization problem easier to solve, the binary indicator αi,k,n is relaxed to a continuous

variable i.e. α̂i,k,n ∈
[
0, 1
]
, where α̂i,k,n is deemed as a time-sharing QoS for the nth SRE. For

notational brevity, the actual power allocated to kth FUE in the ith FBS on the nth SRE is denoted as

p̂FUEi,k,n = α̂i,k,np
FUE
i,k,n . Without the loss of generality, constraints (C1) and (C2) can be rewritten as

Ĉ1:
N∑
n=1

p̂FUEi,k,n ≤ Pmax, Ĉ2: p̂FUEi,k,n ≥ 0. (B.12)

An approximation of transmission rate RFBSi,k,n (B.3) is used as [13] and is given by

R̂FUEi,k,n = Bsc log2

(
1 + Γ̂FBSi,k,n

)
, (B.13)

where

Γ̂FBSi,k,n =
P̂FUEi,k,n h

FUE
i,k,n

K∑
j=1,j 6=k

P̂FUEi,j,n hFUEi,j,n + α̂i,k,nIMn + α̂i,k,nσ2
z

.
(B.14)

3.2 Inner Loop Problem

To deal with the non-linearity which comes from the fractional objective function defined in (B.10),

the Dinkelbach method introduced in [38] is used. Introducing U as a parameter to scale the total

power consumption for the femtocells, we find the solution for a given value of U to the problem,

expressed as αi,k,n and PFUEi,k,n . Hence, we define

f
(
U
)

= max{
P,X
} F∑
i=1

K∑
k=1

N∑
n=1

RFUEi,k,n −

U
( F∑
i=1

K∑
k=1

N∑
n=1

ζαi,k,nP
FUE
i,k,n + PFc

)
.

(B.15)

It is observed that f
(
U
)

is negative when U approaches infinity, while f
(
U
)

is positive when U

approaches minus infinity. Therefore, f
(
U
)

is convex with respect to U . Define X∗ =
[
α̂∗i,k,n

]
and

P∗ =
[
P̂FUE,∗i,k,n

]
as the optimal SRE assignment and power allocation policy for problem (B.15) [37].

The maximum EE U∗ can be achieved if and only if

f
(
U∗
)

= max{
P,X
}CF (P∗,X∗)− U∗(PFT (P∗,X∗) + PFC )

= CF (P∗,X∗)− U∗
(
PFT (P∗,X∗)

)
= 0,

(B.16)
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where the maximum EE U∗ for the femtocells is given by

U∗ =
CF
(
{α?i,k,n

}
,
{
PFUE,?i,k,n }

)
PFT
(
{α?i,k,n

}
,
{
PFUE,?i,k,n }

)
+ PFc

. (B.17)

The original objective function in (B.10) can be transformed into an equivalent subtractive form as

max{
P,X
} F∑
i=1

K∑
k=1

N∑
n=1

αi,k,nR̂
FUE
i,k,n − U

( F∑
i=1

K∑
k=1

N∑
n=1

ζP̂Fi,k,n + PFc
)

(B.18)

s.t

Ĉ1:
N∑
n=1

P̂FUEi,k,n ≤ Pmax ,∀i, k, (B.19a)

Ĉ2: P̂FUEi,k,n ≥ 0 ,∀i, k, n (B.19b)

Ĉ3:
F∑
i=1

K∑
k=1

N∑
n=1

αi,k,nR̂
FUE
i,k,n ≥ Rmink , (B.19c)

Ĉ4:
F∑
i=1

K∑
k=1

P̂FUEi,k,n h
MF
i,k,n ≤ Ithn ,∀n, (B.19d)

Ĉ5:
F∑
i=1

α̂i,k,n ≤ L , ∀k, n (B.19e)

Ĉ6: α̂i,k,n ∈
[
0, 1
]

,∀i, k, n. (B.19f)

For a given value U , the Hessian matrix of the objective function in (B.18) is concave, subject to the

convex inequality constraints of (B.19a) - (B.19f). Thus, with the feasible set of objective function

being convex, the Hessian matrix can be proved to be negative semi-definite with respect to p̂FUEi,k,n

and α̂i,k,n [39]. Moreover, a distinctive optimal solution to the transformed optimization problem in

(B.18) can be procured in polynomial time [15, 39].

3.3 Lagrange dual method

In this subsection, the transformed optimization problem in (B.18) is jointly concave with respect to{
P, X

}
and is solved by adopting the Lagrangian dual method [15, 39]. The Lagrangian function
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used to solve (B.18) can be given by

L
({

P
}
,
{

X
}
, U,Ω

)
=

F∑
i=1

K∑
k=1

N∑
n=1

αi,k,nR̂
FUE
i,k,n − U

( F∑
i=1

K∑
k=1

N∑
n=1

P̂FUEi,k,n + PFc

)

+
F∑
i=1

K∑
k=1

λi,k

(
Pmax −

N∑
n=1

P̂FUEi,k,n

)

+
N∑
n=1

µn

(
Ithn −

F∑
i=1

K∑
k=1

βi,m,nP
MUE
m,n hMF

i,k,n

)

+
F∑
i=1

N∑
n=1

ηi,n

(
L−

K∑
k=1

α̂i,k,n

)

+
F∑
i=1

K∑
k=1

νi,k

( N∑
n=1

αi,k,nR̂
FUE
i,k,n −Rmink

)
,

(B.20)

where Ω =
(
λ ≥ 0, µ ≥ 0, η ≥ 0, ν ≥ 0

)
are the Lagrange multipliers for transformed constraints

Ĉ1, Ĉ2, Ĉ3, Ĉ4, and Ĉ5 in (B.18), respectively. The boundary constraints Ĉ2 and Ĉ6 in (B.18) will

be satisfied in the Karush-Kuhn-Tucker (KKT) conditions [38]. Thus, the Lagrangian dual function is

defined as
g
(
U, λ, µ, η, ν

)
= max{

P,X
}L({P

}
,
{

X
}
, U,Ω

)
. (B.21)

Given U , the dual problem is expressed as

min(
λ,µ,η,ν

) g(U, λ, µ, η, ν)
s.t λ ≥ 0, µ ≥ 0, η ≥ 0, ν ≥ 0.

(B.22)

We decompose the Lagrangian dual function of (B.20) into a master problem andK×N subproblems.

The dual problem can be solved iteratively with each FBS solving the corresponding local subproblem

in each iteration using local information [15, 39]. Accordingly, the Lagrangian function in (B.20) is

rewritten as

L
({

P
}
,
{

X
}
, U,Ω

)
=

F∑
i=1

N∑
n=1

Li,n
({

P
}
,
{

X
}
,Ω) +

F∑
i=1

K∑
k=1

λi,kPmax − UPFBSc

+
N∑
n=1

µnI
th
n +

F∑
i=1

N∑
n=1

ηi,n
(
L
)

+
F∑
i=1

K∑
k=1

νi,kR
min
k ,

(B.23)
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where

Li,n
({

P
}
,
{

X
}
, U,Ω

)
=

K∑
k=1

αi,k,nR̂
FUE
i,k,n +

K∑
k=1

UζP̂FUEi,k,n − λi,kp̂FUEi,k,n −
K∑
k=1

ηi,nαi,k,n

− µn
K∑
k=1

βi,m,nP
MUE
m,n hMF

i,k,n +
K∑
k=1

νi,kαi,k,nR̂
FUE
i,k,n .

(B.24)

Using standard optimization techniques and the KKT conditions, we obtain the optimal transmit power

solution given
(
Ω = λ ≥ 0, µ ≥ 0, η ≥ 0, ν ≥ 0

)
as (B.25),

PFUEi,k,n =
p̂FUE,∗i,k,n

αi,k,n
=

[
Bsc
(
1 + νi,k

)
k−1∑
j=1

Bsc
(
1 + νi,j

)(
ΓFBSi,j,n

)
+ ln

(
2
)(
Uζ + λi,k + µnhMF

i,k,n

)
]+

.

(B.25)

The optimal solution typically follows water filling algorithm, where
[
x
]+

= max
[
0, 1
]
. From

(B.24), the partial derivative of the Lagrangian is expressed as

∂Li,n
(
...
)

∂αi,k,n
= ∆i,k,n − ηi,n


< 0, αi,k,n = 0.

= 1, 0 ≤ αi,k,n ≤ 1.

> 0, αi,k,n = 1,

(B.26)

where
∆i,k,n

=
(
1 + νk,f

)
Bsclog2

(
1 +

PFUEi,k,n |hFi,k,n|2

K∑
j=k+1

PFUEi,j,n |hFi,k,n|2 + IMn + σ2
z

)

−
(
1 + νk,f

)Bsc
N

(
1 +

PFUEi,k,n |hFi,k,n|2

K∑
j=k+1

PFUEi,j,n |hFi,k,n|2 + IMn + σ2
z

)

−
(
t+ λi,k

)
pFUEi,k,n − µnPFUEi,k,n h

MF
i,k,n.

(B.27)

Moreover, by applying the concept of marginal benefits, the policy assignment of the nth SRE to the

optimal user is given as

α∗i,k,n = 1 | k∗ = max
k

∆i,k,n. (B.28)

Finally, based on the sub-gradient method, the dual variables are updated according to the following
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expressions :

λi,k
(
`+ 1

)
=

[
λi,k
(
`
)
− φ1

(
`
)(
Pmax − P̂FUEi,k,n

)]+

, (B.29a)

νi,k
(
`+ 1

)
=

[
νi,k
(
`
)
− φ2

(
`
)(
R̂FUEi,k,n −Rmink

)]+

, (B.29b)

µn
(
`+ 1

)
=

[
µn
(
`
)
− φ3

(
`
)(
Ithn − P̂FUEi,k,n hi,k,n

)]+

, (B.29c)

where ` denotes the number of iteration. φ1, φ2 and φ3 are the corresponding small step sizes. When

the step sizes are sufficiently small, the Lagrangian multipliers converges to equilibrium points. The

complete EE spectrum resource allocation for the HetNets is evaluated as in Algorithm 2.

Algorithm 5 EE Spectrum Resource Allocation Scheme
1: Initialize the maximum number of iterations Imax and the maximum tolerance ε, the EE U , the iteration index i = 0,

and pFUEi,k,n with equal power allocation across all SRE

2: while | CF
(
α
(
i−1
))
,PF
(
i−1
))

PF
T

(
α
(
i−1
))
,PF
(
i−1
))

+PF
c

|≥ ε or i ≤ Imax do

3: Initialize the maximum number of iterations Lmax and set inner loop iteration l = 0, and initialize Lagrange

multipliers
(
λ, µ, ν

)
.

4: repeat

5: for i = 1 do

6: for k = 1 do

7: for n = 1 do

8: Given the EE U update PFUEi,k,n according to (B.25)

9: Calculate ∆i,k,n according to (B.27)

10: FBS update α∗i,k,n according to (B.28)

11: FBS update λ and ν according to (B.29a)-(B.29b)

12: end for

13: end for

14: end for

15: MBS updates µ according to (B.29c), and broadcasts the updated value to all FBSs via backhaul.

16: until Converges or l = Lmax

17: Set i = i+ 1 and U
(
i
)

=
CF
(
α
(
i−1
))
,PF
(
i−1
))

PF
T

(
α
(
i−1
))
,PF
(
i−1
))

+PF
c

18: end while

3.4 Complexity analysis

Following the work of [15], the computational complexity of the proposed EE spectrum resource

allocation algorithm, Algorithm 2, can be derived. In Algorithm 2, during each iteration, the following

steps are executed to yield a low computational complexity order.
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• In line 8-10 : the calculation of (B.25), (B.27), and (B.28) for every FUE on each SRE in every

femtocell requires FKN operations, independently.

• In line 11 : O(KF ) calculations required for updating the dual variables λ and ν according

to (B.29a)-(B.29b), respectively. Assuming, that the sub-gradient method is used to updated

the dual variables, Algorithm 2 will require ϑf iterations to converge.

• In line 15 : the parameter µ is computed by the MBS for each SRE and its complexity follows

the order O(N) per iteration, therefore, ϑf is a polynomial function of (K2F 2N).

Therefore, the total computational complexity is given by O((KFN)2ϑf )). However, compared

with the exhaustive search for SRE allocation, which has a worst-case complexity of O(KFN ) [15].

Moreover, ϑf can be made small enough if the initial values of λ, ν and µ are well chosen, together

with suitable values of iteration step sizes.

Table B.1: Simulation parameters

Parameters Symbol Values
Carrier frequency 2GHz

Path loss exponent 2.8

SRE Bandwidth Bsc 10 MHz

Number of Femtocells F 50

Number of FUES per femtocell K 6

Number of SREs N 24

Assigned FUEs per SRE on each FBS L 4

FUE static power PFc 21 dBm

Processing noise σ2
z -125 dBm

Minimum transmission rate Rmink 5 Mbps/Hz

Maximum transmission power Pmax 20 dBm

Interference threshold Ithn 10−5.5 W

Power amplifier inefficiency ζ 0.9

4 Performance Evaluation

The performance of the system is evaluated based on Algorithm 2, and in terms of EE, sum-rate and

complexity. We consider a random distribution of the FUEs in a small-cells coverage area of 50 meters

radius. Subsequently, the small-cells are randomly overlaid within a macrocell of 500 meters radius.

The minimum distance between the MBS and small-cells is 40 meters. Without loss of generality, we

assume that the channel model accounts for small-scale Rayleigh fading, large-scale path loss, and
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shadowing (log-normally distribution). The summary of the simulation parameters is given in Table

1. The algorithms for OFDMA and PD-NOMA are similar to the ones in [15] and [40] respectively,

albeit the introduction of EE resource allocation proposed in this work.

Figure B.3 shows the EE versus the number of iterations performance of the proposed scheme against

OFDMA and PD-NOMA. We set the number of FBS to 30. From the results, we observe that all

schemes converge within a small number of iterations. However, the proposed scheme converges

to an optimal solution with higher EE compared to PD-NOMA and OFDMA. Thus, the proposed

HG-NOMA scheme is suitable for practical implementation and improving performance.
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Fig. B.3: Energy-Efficiency vs number of Iterations

Figure B.4 shows the overall system EE versus the number of FBS performance. The results show

that the system EE increases with the increase in the number of FBS. Furthermore, we observe that the

HG-NOMA outperforms both the PD-NOMA and OFDMA, due to the efficient use of the spectrum

resources and the assumption that the total number of FUEs allowed for spectrum access is always

larger than the number of SRE to be scheduled.
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Fig. B.4: Energy-Efficiency vs number of FBS

Figure B.5 shows the system achievable sum-rate capacity of the small-cells versus SNR performance.

The results indicate that the sum-rate increases monotonically with the SNR. It is also observed that

HG-NOMA achieves a higher sum-rate compared to the PD-NOMA due to the introduced patterns

between the potential multiplexed users. Besides, we also notice that the OFDMA system achieves a

lower sum rate compared to the both NOMA techniques since OMA leads to underutilized spectrum

resource.
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Fig. B.5: Average sum-rate capacity vs SNR (dB)
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Fig. B.6: Energy-Efficiency vs SNR (dB)

Figure B.6 depicts the performance of the proposed system EE with respect to the SNR. It can be

observed that the EE decreases with increasing SNR. This is because the maximum transmit power

consumption increases faster than the overall system EE. Furthermore, the EE of the proposed HG-

NOMA scheme is approximate to the comprehensive search solution, especially at higher transmit

power.
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Fig. B.7: Computational complexity analysis vs Number of FBS
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5. CONCLUSION

Figure B.7 shows the computational complexity versus the number of FBS for the proposed algorithm.

Needless to say that the computational complexity increases with an increase in number of any of

FBS, FUEs, and SRE. Even though the HG-NOMA provides benefits of EE and improved sum-rate,

as expected, it comes at the cost of added complexity. This is because of the introduced diversity

patterns, and HG-NOMA overloading.

5 Conclusion

In this paper, a HG-NOMA resource allocation scheme that integrates PD-NOMA and PDMA have

been designed for interference management of 5G small-cells networks. Power resources were

chosen as the fundamental multiplexing domain between the MUEs and FUEs, and code resources as

the key multiplexing domain in the sparse pattern mapping. We formulated an EE maximization

problem by considering joint spectrum allocation and power control, to maximize massive

connectivity of user access, EE and sum-rate capacity of small cells, which in turn maximizes the

overall system performance. Additionally, we have proposed a low-complexity HG-SIC receiver that

combines both the power-levels and diversity patterns gain to realize MUD. The simulation results

demonstrate superior performance of the proposed scheme in terms of sum-rate capacity and EE.

This confirms the practical implementation of proposed scheme for the 5G small-cells network

system. Future research trends could consider the application of simultaneous wireless and power

transfer for HG-NOMA and extend the work to Multiple-input Multiple-Output (MIMO) systems.
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Conclusion

We conclude this thesis by summarizing the contributions and present potential future research trends

that are related to our accomplished work.

The introduction detailed the evolution of mobile communication networks and 5G networks

background, The research motivation, methodology, and contributions were also clearly stated in the

introduction. Despite the potential benefits brought by the 5G networks to revolutionize cellular

networks. The proliferation of data traffic over wireless channels have resulted to the challenges of

massive connectivity of both users, and devices, higher spectral-efficiency, low-latency, and improved

data-rates. Which prompts the need for advance modulation & multiple access for the 5G networks.

Among the challenges brought by the development of the 5G, interference management and EE

remain the major challenges, as macrocells are overlaid by the low power small-cells, to maximize

the system capacity and EE. Thus, the investigation for efficient solutions to encourage improved

network performance are the main objective this of research. The summary of the research

contributions is comprehensively outlined in the section below, which sets the direction for the future

works.

1 Summary of research contribution

In paper A, we studied the performance analysis of G-NOMA technologies for the 5G wireless

networks under perfect CSI. The investigated G-NOMA schemes, included: IDMA, MUSA, PDMA,

and SCMA that addressed the issues of massive connectivity and improved system-capacity. The

investigation was carried in terms of the BER and achievable sum-rate capacity, and the Rayleigh flat

fading wireless channel was considered. simulation results showed that IDMA outperformed the

other G-NOMA schemes due to the near-optimal design of user-specific interleavers.

In paper B, an energy-efficient HG-NOMA resource allocation scheme was proposed to address the

issues of interference management, improved system-capacity and energy-efficiency for a two-tier

HetNets. The HG-NOMA resource allocation scheme integrated PD-NOMA and PDMA, through
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2. POSSIBLE FUTURE WORK

resource patterns allocation and power control to enable MUEs and FUEs to be unorthogonaly

multiplexed on the same time-frequency SRE. EE maximization problem was formulated,

considering joint spectrum allocation and power control. Furthermore, a low-complexity

H-MMSE-SIC receiver was proposed that combines the power-resources & diversity pattern gain to

realize MUD is proposed. Simulation results showed that, the proposed scheme has superior

performance over the conventional OMA based small-cells in terms of sum-rate capacity and EE,

which demonstrated the practicality of the proposed framework.

2 Possible Future Work

This section provides some insight on possible future trends that could extend to this work and other

contributions related to EE and interference management for the future of mobile networks. While

the models presented in this work are not extensively complex, further refinements and upgrades are

still expected to provide better results, conclusions, and recommendations. Following the lines of this

thesis, a major upgrade could be that of considering, simalutanous wireless information and power

transfer. In light of the conclusion, with respect to the papers of this thesis on the future research items

includes:

1. G-NOMA with SWIPT: While NOMA integrated with HetNets technology have the capability

of increasing channel capacity and maximize energy-efficiency in ultra-dense networks, there is

no evidence yet that indicates the absence of alternative dimensions within the realm of power

transfer and wireless charging resource allocation capabilities, to maximize the overall systems

data-rates, spectral-efficiency and EE in 5G NOMA-HetNets.

2. G-NOMA with imperfect CSI: Considering EE optimization challenge, future work could

consider the effect of imperfect CSI in the SWIPT optimization. Imperfect CSI in EE

optimization is a practical problem that degrades the performance of the network, and should

be considered. Additionally, the channel model could also be investigated.
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